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EXECUTIVE SUMMARY 
The chemical industry has a need to move towards production of chemicals and fuels from 
renewable feedstock. Petroleum resources are limited and this contrast the abundance of 
carbon content in biomass. Current examples of sustainable production of chemicals from 
biomass already exist. For instance, the cellulose content of lignocellulosic biomass is used 
for the production of glucose, which can be converted to ethanol via anaerobic digestion by 
microbial organism. Current microorganisms that digest glucose are unable to metabolise 
efficiently hemicellulose, and lignin and its decomposition products such as organic acids, 
and lignols potentially serve as microbial inhibitors during the fermentation step to ethanol.  
 
Pyrolysis, gasification and liquefaction, are thermo-chemical processes that can depolymerise 
all component of biomass into small molecular weight oxygenates, which can be used as 
fuels or can be further processed for the synthesis of fine chemicals. Liquefaction 
technologies are ideal for biomass processing since pre-treatment of the feedstock to remove 
residual water are not required since the process medium is water.     
 
Homogeneous mineral acids have been employed widely as catalysts in current liquefaction 
technologies. Mineral acids such as sulphuric acid (H2SO4) and hydrochloric acid (HCl) 
which are commercially used are hazardous to the environment, cause material corrosion of 
reactors. The recovery of the acids adds additional capital and operational costs. Water under 
Sub-Critical conditions (SCW) has the potential to reduce or eliminate the use of aqueous 
acid catalysts and provides a more environmentally friendly process for biomass liquefaction.  
However, the primary barrier is the knowledge gap in fundamental chemistry of biomass 
decomposition under SCW conditions that need to be addressed for process optimisation. 
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The objective of this thesis is to obtain insights into the chemical kinetics associated with the 
depolymerisation of hemicellulose component of biomass under SCW conditions.  This thesis 
provides results of a extensive experimental study on hemicellulose model compounds and 
micro kinetic modelling on model compounds decomposition under SCW conditions. 
Experimental study of xylan, in a batch reactor between 150˚C and 300˚C at 120-150 bar, 
between 2 and 60 min and xylose and dihydroxyacetone (DHA) decomposition in a 
continuous flow micro reactor system between 200˚C-300˚C at 200 bar between 2-40 s are 
discussed. The wide range of experimental conditions was applied to understand the 
decomposition behaviour of xylan polymer and sugars under SCW conditions. 
 
The primary products of xylan depolymerisation are xylo-oligomers (XOs) of different 
molecular weight with highest combined yield of 50%. Xylan depolymerisation under SCW 
proceeds via two reaction pathways: (i) deacetylation of the lateral chains of xylan realising 
acetic acid, followed by (ii) depolymerisation of the main chain xylan to XOs. These XOs are 
sequentially converted to smaller XOs and finally to xylose monomer. Xylose is the abundant 
monomer seen in the product solution, with the highest carbon yields of 14% while glucose 
and fructose appeared in trace quantities. The maximum yield of furfural is 13% obtained at 
200˚C and 60 min. The product also contained a complex mixture of organic acids and 
aldehydes. The identified compounds are formic, lactic, glycolic acids with glyceraldehyde 
and 5-hydroxymethylfurfural. Since xylose is the primary monomer identified in the product 
solution, further analysis of xylose decomposition was carried out in the continuous flow 
reactor to determine its reaction mechanism under SCW conditions. 
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Complete xylose decomposition is obtained at 25 s and 300˚C. Major products of xylose 
decomposition are acetic acid, lactic acid and furfural with maximum yields of 18.1%, 6.7% 
and 20% respectively. The C3 aldehydes identified under SCW are glyceraldehyde, DHA and 
methylglyoxal. The minor constituents formed in xylose decomposition under SCW are 
xylulose, erythrose, glycolaldehyde and glycolic acid with yields <5%. The lower pH limit in 
the product solution is ~3 due to the formation of organic acids. It is understood that xylose 
and xylulose are primarily accountable for furfural production while the aldehydes are 
responsible for the organic acids production.  
 
Decomposition behaviour of C3 compounds that are important intermediates in xylose 
decomposition was understood using DHA an isomer of glyceraldehyde. Maximum DHA 
conversion reached 90% at 280˚C and 25s. The product solution contained methylglyoxal, 
glyceraldehyde, acetic acid, glycolic acid and lactic acid.  The carbon balances ~100% in the 
liquid phase, suggesting no gases are produced during the reaction. Methylglyoxal, 
glyceraldehyde and glycolic acid are primary products formed whereas acetic acid and lactic 
acids are secondary products during DHA decomposition. Methylglyoxal is found to be the 
source of acetic and lactic acid. Detailed reaction mechanisms and pathways were understood 
by analysing the product solutions. 
 
A thermodynamically consistent kinetic model was developed from a combination of first-
principles molecular modelling techniques, literature data and numerical optimisation 
procedures for DHA and xylose decomposition. Both DHA and xylose decomposition follow 
first order reaction kinetics under SCW conditions. The primary reaction pathways are 
dehydration and tautomerisation with DHA while  retro aldol condensation to glyceraldehyde 
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and glycolaldehyde dominated in xylose decomposition under SCW.  Dehydration dominated 
in DHA with a rate constant 4 times higher than tautomerisation. Further DHA 
tautomerisation to glyceraldehyde is ~3–4 times faster than the reverse reaction. 
Methylglyoxal, the dehydration product of DHA undergoes fragmentation below 280˚C and 
changes reaction pathways to produce lactic acid via mono-hydration with increasing 
temperature.  
 
During xylose decomposition in addition to retro-aldol condensation, dehydration to furfural, 
tautomerisation to xylulose and fragmentation contributed to xylose decomposition. Retro-
aldol condensation was twice faster than both dehydration and tautomerisation and sensitivity 
towards retro-aldol condensation increased with temperature. The optimum temperature for 
furfural production is identified as 260˚C. Acetic acid is primarily formed via glycolaldehyde 
decomposition compared to methylglyoxal decomposition and lactic acid through both 
erythrose and methylglyoxal. Further sensitivity towards these fragmentation reactions 
increases with temperature.  
 
A chemical kinetic model for xylan depolymerisation to xylose was built from the 
experimental data and was incorporated to the derived xylose and DHA models to understand 
the complete reaction mechanism. The product profiles obtained for dehydration; retro-aldol 
condensation and fragmentation reactions in xylan depolymerisation were accurately 
predicted with the model. Xylan depolymerisation to XOs and xylose follows first order 
reaction kinetics under SCW conditions. Xylan depolymerisation to larger XOs and larger 
XO conversion to smaller XO (<1000g mol–1) is faster to latter depolymerisation to xylose. 
The XO depolymerisation reaction step controls the overall reaction rate. Hence neglecting 
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the XO depolymerisation kinetics during xylan kinetic modelling is not appropriate under 
SCW conditions. The developed kinetic model was validated with literature observations. 
Improvements to the kinetic models are discussed, and suggestions are recommended for 
future improvements. 
Some suggestions are proposed for future research in the field including, (i) performing 
additional experimental studies on the mechanisms and kinetics of several notable 
fragmentation reaction for the formation of organic acids of xylose, as well as, the 
decomposition of the acids. (ii) separation of furanics during the reactions to minimise their 
decomposition and polymerisation during xylan conversion. 
In conclusion,  a vital contribution contained in this work is the better understanding of the 
chemical kinetics and their relationship to xylan depolymerisation under SCW conditions. A 
new revelation of the effect of XOs in xylan depolymerisation, which has been neglected in 
the past is also provided. Additionally a thermodynamically consistent kinetic model that 
incorporates comprehensive analysis of the effects of the thermodynamic properties of 
species, which has not been studied in the literature are identified through the addition of 
reversible reactions into the modelling. 
 
 
 
 
viii 
 
LIST OF PUBLICATIONS 
 
Conference Paper 
Rahubadda,  A., Montoya, A., and Haynes, B.S. C5 Sugar Decomposition Products under Hot 
Compressed Water Conditions. Chemeca Conference 2011, Sydney, Australia, 19-21 
September 2011 
 
  
Conference Poster Presentation 
Rahubadda,  A., Montoya, A., and Haynes, B.S. Hemicellulose Depolymerisation under 
Hydrothermal Conditions. CSIRO Cutting Edge Symposium on Biological and chemical 
conversion of renewable to fuels and chemicals, 2012, Melbourne, Australia, 13-15 
November 2012 
 
 
 
 
 
 
 
 
 
 
ix 
 
TABLE OF CONTENT 
DECLARATION...................................................................................................................... I 
ACKNOWLEDGEMENT ...................................................................................................... II 
EXECUTIVE SUMMARY .................................................................................................. III 
LIST OF PUBLICATIONS ................................................................................................. III 
TABLE OF CONTENT ........................................................................................................ IX 
LIST OF FIGURES ............................................................................................................. XII 
LIST OF TABLES .......................................................................................................... XVIII 
NOMENCLATURE ........................................................................................................... XIX 
 
CHAPTER 1 ............................................................................................................................. 1 
INTRODUCTION.................................................................................................................... 1 
1.1 BACKGROUND .............................................................................................................. 1 
1.2 CONVERSION OF BIOMASS INTO FUELS AND CHEMICALS ............................................... 3 
1.2.1 Biomass components and processing ........................................................................ 3 
1.2.2 Biomass conversion by thermo-chemical technologies ............................................. 4 
1.2.3 Importance of hemicellulose depolymerisation ......................................................... 8 
1.3 THESIS STRUCTURE ........................................................................................................... 9 
 
CHAPTER 2 ........................................................................................................................... 10 
FUNDAMENTALS OF HEMICELLULOSE AND XYLOSE DECOMPOSITION ...... 10 
2.1 STRUCTURE OF HEMICELLULOSE AND ITS BUILDING BLOCKS ........................................... 11 
2.1.1 Structure and composition of hemicellulose ........................................................... 11 
2.1.2 Structure of Xylan ................................................................................................... 12 
2.1.3 Structure of Xylose .................................................................................................. 13 
2.1.4 Structures of Arabinose and Ribose ........................................................................ 14 
2.1.5 Summary .................................................................................................................. 15 
2.2 REACTION PATHWAYS OF THE DECOMPOSITION OF XYLAN AND XYLOSE ........................ 15 
2.2.1 Depolymerisation of Xylan ..................................................................................... 15 
2.2.2 Decomposition of Xylose ........................................................................................ 19 
2.2.3 Decomposition of DHA and glycolaldehyde........................................................... 23 
2.2.4 Decomposition of furfural ....................................................................................... 28 
2.2.5 Summary .................................................................................................................. 30 
2.3 REACTION THERMODYNAMICS OF HEMICELLULOSE DECOMPOSITION .............................. 31 
x 
 
2.3.1 Aqueous phase thermodynamic properties of species involved in xylose 
decomposition ................................................................................................................... 31 
2.3.2 Aqueous phase thermodynamics of reactions involved in xylose decomposition .. 33 
2.3.3 Summary .................................................................................................................. 34 
2.4 REACTION KINETICS OF THE PROCESS OF XYLAN DECOMPOSITION ................................... 34 
2.4.1 Reaction kinetics of xylan decomposition ............................................................... 34 
2.4.2 Reaction kinetics of xylose decomposition ............................................................. 36 
2.4.3 Reaction kinetics of DHA and glycolaldehyde decomposition ............................... 38 
2.4.4 Reaction kinetics of furfural decomposition ........................................................... 39 
2.4.5 Summary .................................................................................................................. 40 
2.5 KNOWLEDGE GAPS AND OBJECTIVES OF THE THESIS ........................................................ 41 
 
CHAPTER 3 ........................................................................................................................... 10 
MICRO-REACTOR DESIGN AND EXPERIMENTAL METHODOLOGY ................ 43 
3.1 DESIGN AND SET-UP OF TUBULAR FLOW EXPERIMENTAL REACTOR SYSTEM .................... 44 
3.1.1 Micro tubular reactor set up..................................................................................... 44 
3.1.2 Design calculations .................................................................................................. 46 
3.1.3 Experimental procedure ........................................................................................... 51 
3.2 DESIGN AND SET-UP OF BATCH EXPERIMENTAL REACTOR SYSTEM .................................. 53 
3.2.1 Batch reactor set-up ................................................................................................. 53 
3.2.2 Experimental procedure ........................................................................................... 55 
3.3 ANALYTICAL METHODOLOGY .......................................................................................... 56 
3.3.1 Apparatus and standards .......................................................................................... 56 
3.3.2 Product identification and quantification ................................................................ 57 
3.4 CONVERSION YIELDS, SELECTIVITIES AND CARBON BALANCE ......................................... 60 
3.5 KINETIC CALCULATIONS AND MODELLING ...................................................................... 62 
3.5.1 Calculation of kinetic parameters ............................................................................ 62 
3.5.2 Global parameter optimisation for kinetic modelling .............................................. 63 
3.6 SUMMARY ....................................................................................................................... 65 
 
CHAPTER 4 ........................................................................................................................... 66 
KINETICS OF DIHYDROXYACETONE DECOMPOSITION UNDER 
SUBCRITICAL WATER CONDITIONS ........................................................................... 66 
4.1 METHODOLOGY ............................................................................................................... 67 
4.2 RESULTS .......................................................................................................................... 69 
4.2.1 DHA conversion ...................................................................................................... 69 
4.2.2 Product distribution ................................................................................................. 72 
4.3 KINETIC MODEL OF DHA DECOMPOSITION ...................................................................... 77 
4.3.1 Reaction pathways ................................................................................................... 77 
xi 
 
4.3.2 Kinetic model development ..................................................................................... 78 
4.3.3 Kinetic analysis........................................................................................................ 88 
4.4 SUMMARY ....................................................................................................................... 94 
 
CHAPTER 5 ........................................................................................................................... 97 
KINETIC STUDY OF XYLOSE DECOMPOSITION UNDER SUBCRITICAL 
WATER CONDITIONS ........................................................................................................ 97 
5.1 EXPERIMENTAL METHODOLOGY ...................................................................................... 98 
5.2 RESULTS ........................................................................................................................ 100 
5.2.1 Effect of temperature and reaction time on xylose conversion ............................. 100 
5.2.2 Product distribution ............................................................................................... 103 
5.2.3 Variation in pH of xylose solution ........................................................................ 107 
5.3 KINETIC MODELLING OF XYLOSE DECOMPOSITION ........................................................ 110 
5.3.1 Reaction pathways ................................................................................................. 110 
5.3.2Kinetic model development .................................................................................... 112 
5.3.3 Modelling results and discussion ........................................................................... 114 
5.3.4 Kinetic analysis...................................................................................................... 124 
5.4 SUMMARY ..................................................................................................................... 130 
 
CHAPTER 6 ......................................................................................................................... 132 
XYLAN DEPOLYMERISATION UNDER SUBCRITICAL WATER CONDITIONS
................................................................................................................................................ 132 
6.1 PRODUCT ANALYSIS ...................................................................................................... 133 
6.2 RESULTS ........................................................................................................................ 137 
6.2.1 Effects of temperature and reaction time in xylan depolymerisation .................... 137 
6.2.2 Products of xylan depolymerisation ...................................................................... 141 
6.2.3 Variation in pH of the xylan solution .................................................................... 149 
6.3 KINETIC MODELLING OF XYLAN DECOMPOSITION .......................................................... 153 
6.3.1 Development of kinetic model .............................................................................. 154 
6.3.2 Kinetic model performance ................................................................................... 159 
6.4 SUMMARY ..................................................................................................................... 168 
 
CHAPTER 7 ......................................................................................................................... 170 
CONCLUSIONS AND RECOMMENDATIONS ............................................................. 170 
7.1 CONCLUSIONS ............................................................................................................... 171 
7.1.1 Experimental design .............................................................................................. 171 
7.1.2Experimental study on xylan, xylose and DHA decomposition in SCW ............... 172 
7.1.2Kinetic modelling on xylan depolymerisation in SCW .......................................... 174 
xii 
 
7.2 RECOMMENDATIONS FOR FUTURE WORK ....................................................................... 176 
REFERENCES ..................................................................................................................... 178 
APPENDIX A ....................................................................................................................... 189 
APPENDIX B ....................................................................................................................... 198 
APPENDIX C ....................................................................................................................... 198 
 
 
 
 
 
 
 
 
 
 
 
 
 
xiii 
 
LIST OF FIGURES 
Figure 2.1 Scheme illustrating the characteristic β 1,4’ glycosidic linkage of xylo-glucan, side chains 
of acetyl groups and glucouronic acid .................................................................................................. 12 
Figure 2.2 Chemical structure of xylan chain exemplifying the β 1,4’ glycosidic linkage and 
acetylation ............................................................................................................................................. 13 
Figure 2.3  A representation of the chemical structure of xylose in pyranose form ............................ 14 
Figure 2.4 Arabinose and Ribose ......................................................................................................... 14 
Figure 2.5 Summary of  the reported reaction pathways of xylose decomposition to produce xylulose 
(A), furfural (B), glyceraldehyde and glycolaldehyde (C), furan (D), acetic acid, DHA, methylglyoxal, 
lactic acid, propionic acid and propenoic acid (C), and formic acid (C and D) .................................... 20 
Figure 2.6 Mechanism of xylose dehydration to furfural under acidic conditions .............................. 22 
Figure 2.7 Reaction pathways of DHA decomposition to produce glyceraldehyde, methylglyoxal and 
organic acids under hot compressed water conditions .......................................................................... 24 
Figure 2.8 Possible reaction pathways of glycolaldehyde decomposition to produce hydroxyacetone, 
DHA and formaldehyde under hot compressed water conditions ........................................................ 26 
Figure 2.9 Possible reaction pathways of base catalysed glycolaldehyde conversion to lactic acid .... 27 
Figure 2.10 Reaction pathways of furfural decomposition to 2,5-bis(hydroxymethyl)furan, 5-HMF, 
furan and polymers ............................................................................................................................... 29 
Figure 2.11 The available kinetic data of xylose decomposition under hot compressed water 
conditions (Ea in kJ mol–1 and A in s–1) ................................................................................................ 37 
Figure 3.1 Scheme representation of the continuous flow-type micro-channel reactor system, 
containing two feedstock tanks, two HPLC pumps, one pre-heater, one reactor, one temperature-
controlled oven, one cooler and one backpressure regulator. The reactor system is designed for the 
operating conditions of up to 310˚C and 250 bar. ................................................................................. 44 
Figure 3.2 Scheme representation of the batch reactor system, containing a 12.7mm outer diameter 
reactor in a sand bath. The reactor system is designed for the operating conditions of up to 350˚C and 
200 bar. ................................................................................................................................................. 53 
Figure 3.3 Measured temperature trajectories inside the batch reactor ................................................ 54 
Figure 3.4 Typical HPLC chromatogram sugar standards on Metacarb 87P column with ELSD 
detector .................................................................................................................................................. 58 
Figure 3.6 Typical HPLC chromatogram of aldehyde standards on Hi-Plex H+ column with UV 
detector at wavelength of 280 nm ......................................................................................................... 60 
Figure 4.1 Typical UV responses at wavelength 210nm and 280nm in an HPLC chromatogram using 
Hi-Plex H+ column of DHA decomposition samples at 280˚C, 200 bar and 20s ................................. 68 
xiv 
 
Figure 4.2 Conversion of 0.01M of DHA as a function of reaction time and reaction temperature at a 
constant pressure of 200 bar in a tubular flow reactor .......................................................................... 69 
Figure 4.3 Pseudo first-order kinetics of the disappearance of DHA under Sub-Critical Water 
conditions at an initial concentration of 0.01 mol L–1 ........................................................................... 71 
Figure 4.4 Arrhenius plot of available rate constants of DHA decomposition under subcritical and 
near critical conditions. The solid line in the figure refers to the Arrhenius fitting of all the 
experimental data and the dotted lines refer to a 95% confidence interval of the fitting. ..................... 72 
Figure 4.5 Carbon yields of species as a function of reaction time of 0.01M DHA aqueous solution 
treated at varies temperatures at 200 bar in flow reactor system .......................................................... 74 
Figure 4.6 Selectivity of products of reaction as a function of conversion of an aqueous solution 
(0.01M) of DHA at 280˚C and 200 bar ................................................................................................. 75 
Figure 4.7 Carbon yields of species as a function of reaction time of 0.01M methylglyoxal aqueous 
solution treated at varied temperatures at 200 bar in flow reactor system ............................................ 76 
Figure 4.8 Proposed hydrothermal conversion route of DHA to decomposition products .................. 78 
Figure 4.9 Ratio of rate constants k3f/k1f (blue) and k1f/k1r (red) from the decomposition kinetic model. 
Estimated reaction rate k1f is the decomposition of DHA to glyceraldehyde, k1r is the decomposition 
of glyceraldehyde to DHA and k3f is the dehydration of DHA to methylglyoxal ................................. 84 
Figure 4.10 Influence of temperature and reaction time on DHA decomposition and product yield. 
Symbols correspond to the experimental data and lines correspond to modelling predictions, (x) DHA, 
(●) Meth, (♦) Gle, (■) Gly, (▲) Aa and (ж) La. ................................................................................... 85 
Figure 4.11 Comparisons between the experimental data of the carbon yields of DHA, 
glyceraldehyde and methylglyoxal collected from the  work of Kabyemela  et al. [130] and modelling 
predictions (solid lines) as a function of reaction time. Colours represent each compound: DHA (red), 
glyceraldehyde (blue) and methylglyoxal (green). Symbols refer to experimental data DHA (triangle), 
glyceraldehyde (square) and methylglyoxal (circle). Lines refer to modelled predictions at different 
reaction conditions: 300˚C (dashed lines), 350˚C (solid lines). ............................................................ 87 
Figure 4.12  Sensitivity coefficients for the concentrations of DHA with respect to the forward and 
reverse rate constants of each reaction at 240˚C, 200 bar and 24s (dark blue); 260˚C, 200 bar and 10s 
(blue); and 280˚C, 200 bar and 7s (light blue). Subscript numbers used in X-axis correspond to the 
reactions listed in section 4.2.2, k represents the rate constant of the forward reaction, and G 
represents the reaction Gibbs free energy. ............................................................................................ 89 
Figure 4.13 Sensitivity coefficients for the concentrations of glyceraldehyde (a), methylglyoxal (b) 
with respect to the forward rate constants of each reaction, and reaction Gibbs free energy of each 
reaction at 240˚C, 200 bar and 24s (dark colours); 260˚C, 200 bar and 10s (intermediate colours);  and 
xv 
 
280˚C, 200 bar and 7s (light colours). Subscript numbers used in X-axis correspond to the reactions 
listed in section 4.2.2. ........................................................................................................................... 91 
Figure 4.14   State of balance analysis of each reaction in DHA decomposition at 240˚C, 200 bar and 
24s (blue) as well as 280˚C, 200bar and 7s (red) .................................................................................. 93 
Figure 5.1 Typical HPLC/UV chromatograms of xylose decomposition product samples with Hi-Plex 
H+ column at 260ºC, 200 bar and 9.5s at wavelengths  of a)210 nm and b)280 nm, ............................ 99 
Figure 5.2 Typical HPLC chromatogram of xylose decomposition product sample with Metacarb 87P 
column at 260ºC, 200 bar and 9.5s with ELS detector ........................................................................ 100 
Figure 5.3 Carbon yield of 0.01M xylose conversion as a function of reaction temperature and 
reaction time at constant pressure of 200 bar in a tubular flow reactor. ............................................. 101 
Figure 5.4 Arrhenius plot of the available first-order rate constants (k) of xylose decomposition under 
subcritical water conditions. The solid line refers to the Arrhenius fitting of all experimental data, and 
the dotted lines refer to a 95% confidence interval of the fitting. ....................................................... 102 
Figure 5.5 Carbon yields of xylose and its decomposed products as a function of reaction time at 
220˚C, 240ºC, 260˚C and 280˚C for 0.01M xylose solution ............................................................... 104 
Figure 5.6 Selectivity of acetic acid as a function of conversion of an aqueous solution (0.01M) of 
glycolaldehyde at ♦220˚C, ■240˚C, ▲260˚C, and 200bar ................................................................. 106 
Figure 5.8 The pH variation of product samples as a function of the conversion of xylose (in % mol 
mol–1) under the conditions of 220˚C-300˚C, 200 bar, where ♦ 220˚C, ■ 240˚C, ▲260˚C, ● 280˚C, ж 
300˚C .................................................................................................................................................. 108 
Figure 5.9 Proposed xylose conversion routes to decomposition products under subcritical water 
conditions ............................................................................................................................................ 111 
Figure 5.10 Influence of temperature and reaction time on xylose decomposition at 220˚C, 240˚C, 
260˚C, 280˚C, and 200 bar. The experimental points are plotted with experimental uncertainties of 
~10%. .................................................................................................................................................. 117 
Figure 5.11 Influence of temperature and reaction time on product yields at 220˚C, 240˚C, 260˚C, 
280˚C, 200 bar. Experimental data are shown by symbols (■) xylulose, (♦) furfural, (▲) acetic acid, 
(ж) lactic acid, (●) glycolic acid and (-) erythrose. ............................................................................. 121 
Figure 5.12 Influence of temperature and reaction time on a) glycolaldehyde, b) glyceraldehyde 
yields at 220˚C, 240˚C, 260˚C, 280˚C and 200 bar ............................................................................ 122 
Figure 5.13 Comparison between the experimental data of xylose conversion (symbols) collected 
from work of Aida et al [111]  and modelling predictions (solid lines) as a function of reaction time
 ............................................................................................................................................................ 123 
Figure 5.14 Sensitivity coefficients for the concentrations of xylose, xylulose, furfural, acetic acid 
and lactic acid with respect to the forward and reverse rate constants of each reaction at 220˚C, 200 
xvi 
 
bar and 36s (red); and 280˚C, 200 bar and 2.8s (blue). Numbers used in X-axis with forward rate 
constant (k) correspond to the reactions listed in kinetic model development section. ...................... 126 
Figure 5.15 State of balance analysis of each reaction in xylose decomposition at 220˚C, 200 bar and 
36s (blue) as well as 280˚C, 200 bar and 2.8s (red) ............................................................................ 129 
Figure 5.16 Schematic mechanism of xylose decomposition under subcritical water conditions ..... 130 
Figure 6.1 Typical HPLC-UV chromatogram at 210 nm and 280 nm of a solution of 0.5% xylan 
which was depolymerised in water at 200˚C, 150 bar for 25 minutes ................................................ 134 
Figure 6.2 Typical HPLC chromatogram of xylan decomposition at 240˚C, 150 bar and a) 10 min b) 
2 min  c) xylan un reacted sample with ELS detector. ........................................................................ 136 
Figure 6.3 Yield of xylan as a function of reaction time and reaction temperature between 110-130 
bar. The symbols represent experimental points and the dotted line is plotted to guide the eye. Xylan 
concentration was followed on weight basis. The dispersion of data obtained from triplicate analysis is 
shown in the error bars in the figure. .................................................................................................. 138 
Figure 6.4 Relationship between Ln (xylan yield) versus reaction time for xylan depolymerisation 
under Sub-Critical Water conditions.  The symbols represent experimental points and the lines are the 
best fit estimations for the experimental points. ................................................................................. 139 
Figure 6.5 Arrhenius plot of xylan depolymerisation under Sub-Critical Water conditions in this work 
and reported literature data ................................................................................................................. 140 
Figure 6.6 Arrhenius plot overlay of rate constants for xylose decomposition and xylan 
depolymerisation, where xylose (□) and xylan (♦) ............................................................................. 141 
Figure 6.7 Snapshots of the product solution obtained after xylan depolymerisation under sub-critical 
water conditions at 200˚C and 240˚C ................................................................................................. 142 
Figure 6.8 Acid yields in xylan depolymerisation under subcritical water as a function of reaction 
time at 200˚C, where ♦ acetic acid and ▲ other acids. The symbols represent experimental points, and 
the dashed line is drawn to guide the eye. ........................................................................................... 143 
Figure 6.9 Xylan depolymerisation and XO formation at 200˚C, 220˚C, 240˚C and 260˚C, where ● 
Xylan, жXO1, ■XO2, ♦XO3 and ▲XO4. The symbols represent experimental points, and the dashed 
line is drawn to guide the eye. ............................................................................................................ 146 
XO1, XO2, XO3 and XO4 represent xylo-oligomers of molecular weight between 147600-100300 g 
mol–1, 1270-1010 g mol–1, 620-580 g mol–1 and 315-285 g mol–1 respectively. ................................. 146 
Figure 6.10 Xylose and furfural yields in xylan depolymerisation under subcritical water as a function 
of reaction time at 220˚C, where ▲ xylose and ● furfural. The symbols represent experimental points, 
and the dashed line is drawn to guide the eye. .................................................................................... 147 
Figure 6.11 The pH variation of the xylan feed and product solutions as a function of reaction time at 
ж150˚C, x 180˚C, ♦200˚C, ■220˚C, ▲ 240˚C, and ● 260˚C ............................................................. 150 
xvii 
 
Figure 6.12 The pH variation of the product samples as a function of the conversion of xylan (% 
w/w) under the conditions of ♦150˚C, 120 bar; ■180˚C, 120 bar; ▲ 200˚C, 125 bar and ● 220˚C, 130 
bar ....................................................................................................................................................... 151 
Figure 6.13 Proposed xylan depolymerisation reaction mechanism. XO1, XO2, XO3 and XO4 represent 
xylo-oligomers of molecular weight between 147600-100300 g mol–1, 1270-1010 g mol–1, 620-580 g 
mol–1 and 315-285 g mol–1respectively. .............................................................................................. 154 
Figure 6.14 Comparison between experimental data of xylan yields (symbols) and model predictions 
(solid lines) as a function of the reaction time. The experimental data is presented with uncertainties 
of ~10%. .............................................................................................................................................. 160 
Figure 6.15 Comparison between the experimental data of xylan  conversion (symbols) collected 
from  the work of Liu et al [193] and modelling predictions (lines) as a function of reaction time. 
Colour represents reaction conditions: 180˚C (purple) and 200˚C (blue). .......................................... 161 
Figure 6.16 Comparison between experimental data (symbols) and predicted kinetic model (solid 
lines) of yield of xylo-oligomers (XO1–XO4) as a function of reaction time and temperature. The 
experimental data is presented with uncertainties of ~10%. ............................................................... 163 
Figure 6.17 Comparison between experimental data of xylose (symbols) and model predictions (solid 
lines) using the developed kinetic model. The experimental data is presented with error bars. ......... 164 
Figure 6.18 Comparison between experimental data  from Hosseini et al. and Liu et al. of the yield of 
xylose (symbols) from xylan decomposition at 160˚C, 180˚C and 200˚C and modelling predictions 
(lines) as a function of reaction time. .................................................................................................. 165 
Figure 6.19Comparison between experimental data of furfural (symbols) and model fittings (solid 
lines) as a function of the reaction time. The experimental data is presented with uncertainties 
of~10%. ............................................................................................................................................... 166 
Figure 6.20 Predicted product yields of glyceraldehyde, glycoaldehyde and lactic acid from xylan 
depolymerisation as a function of reaction time at 200ºC and 120 bar ............................................... 167 
Figure 6.21 Predicted product yields of glyceraldehyde, glycoaldehyde and lactic acid from xylan 
depolymerisation as a function of reaction time at 240ºC and 150 bar ............................................... 168 
 
 
 
 
xviii 
 
LIST OF TABLES 
Table 2.1 Yields of products from glycolaldehyde by alkali hydrothermal treatment at 10-min 
reaction time.......................................................................................................................................... 28 
Table 2.2 Standard enthalpy of formation (∆fHo) and standard entropy(S) of the species in 
hemicellulose decomposition (symbol aq, l, g and c represent aqueous, liquid, gas and crystal 
respectively. Enthalpy in kcal mol–1 and entropy in cal K–1 mol–1) ...................................................... 32 
Table 2.3 Aqueous phase reaction enthalpy (∆rHaq) and Gibbs free energy (∆rGaq) of the reactions in 
xylose decomposition (enthalpy and Gibbs free energy in kcal mol–1; temperature in ˚C. a: 
experimental studies;  b: computational studies) .................................................................................. 33 
Table 2.4 Kinetic parameters of xylan depolymerisation to xylose (T in ˚C, P in MPa, Ea in kJ mol–1 
and A in s–1) .......................................................................................................................................... 35 
Table 2.5 Kinetic parameters of decomposition of DHA ..................................................................... 38 
Table 2.6 Kinetic parameters of furfural decomposition under acid catalysis ..................................... 39 
Table 3.1 Volumetric flow rates of water and reactant solution (in ml min–1) and corresponding 
Reynolds number at different reaction times (s) and temperatures (˚C) ............................................... 50 
Table 3.2 Weights assigned for the concentration as a coefficient of percentage difference of the 
measurements ........................................................................................................................................ 64 
Table  4.1 Standard enthalpy of formation, standard entropy and standard Gibbs energy of solvation 
of the species in DHA decomposition at 298.15 K and 1 atm .............................................................. 79 
Table 4.2 Reactions involved in the DHA kinetic model and corresponding kinetic and   
thermodynamic parameters in forward direction with the corresponding error .................................... 82 
Table 4.3 The rate of progress of each reaction in DHA decomposition at 240˚C, 200 bar and 24s, 
260˚C, 200 bar and 10s, as well as 280˚C, 200 bar and 7s. Initial concentration of DHA is 0.01 mol L-
1. The rate of progress is in mol L-1s-1. .................................................................................................. 94 
Table 5.1 Standard enthalpy of formation, standard entropy and standard Gibbs energy of solvation of 
the species in xylose decomposition at 298.15 K and 1 atm ............................................................... 112 
Table 5.2 Arrhenius parameters and reaction Gibbs free energy for reactions of xylose decomposition 
under subcritical water conditions ...................................................................................................... 115 
Table 6.1 Arrhenius parameters for xylan depolymerisation under subcritical conditions ................ 158 
 
 
 
xix 
 
NOMENCLATURE 
A    Pre exponential factor 
Aa  Acetic acid 
Cp                              Heat capacity of water (kJ kg–1 K–1) 
Ci                     Concentration of compound i 
di                                Internal diameter of reactor tube (mm) 
Ea    Activation energy (kJ mol–1) 
DHA   Dihydroxyacetone 
DP Decomposition products 
Ery  Erythrose 
Ff  Furfural 
Fo  Formaldehyde 
∆௙ܩ௚   Standard Gibbs free energy in gas phase (kcal mol–1) 
∆௙ܩ௔௤   Standard Gibbs free energy in aqueous phase (kcal mol–1) 
∆௥ܩ   Reaction Gibbs free energy in aqueous phase (kcal mol–1) 
∆௦ܩ   Gibbs free energy of solvation (kcal mol–1) 
Gle    Glyceraldehyde 
Glo  Glycolaldehyde 
Gly  Glycolic acid 
∆௙ܪ௚   Standard formation enthalpy in gas phase (kcal mol–1) 
kx   Reaction rate constant  
Ke                    Equilibrium constant 
kf                     Rate constant in the forward direction 
kr                     Rate constant in the reverse direction 
La  Lactic acid 
Meth  Methylglyoxal 
xx 
 
Mw  Molecular weight (g mol–1) 
Me            Methanol 
Nc,i                  Number of carbon atoms per molecule of  compound 
Oth                 Unidentified compounds in xylose decomposition 
pKa                 Dissociation constant of  an acid 
∆ܲ                  Pressure drop in reactor set up (Nm–2) 
PP    Furfural decomposition products 
R            Gas constant (kJ mol–1K–1) 
Re                   Reynolds Number   
rf                     Forward reaction rate 
rr                     Reverse reaction rate 
ROP                Rate of Progress 
௚ܵ   Standard entropy in gas phase (cal mol–1K–1) 
Si                     Selectivity towards compound i 
SCW               Sub-Critical Water 
SOB                State of Balance 
T  Temperature (K) 
X                      Reactant conversion 
XO1  Xylo-oligomer of Mw 123600 g mol–1 
XO2  Xylo-oligomer of Mw 1080 g mol–1 
XO3  Xylo-oligomer of Mw 600 g mol–1 
XO4  Xylo-oligomer of Mw 300 g mol–1 
Xyl  Xylose 
Xyu  Xylulose 
Wi                   Weights assigned in Solver optimisation 
Y                      Yield
1 
 
 
CHAPTER 1 
INTRODUCTION 
1.1 Background 
The increase in global population and a surge in the automobile industry have resulted in a 
rapid increase on the dependence on fossil fuels. At present 86% of energy and 96% of the 
chemicals worldwide are produced from petroleum resources.   Due to this dependence 
mankind is facing two related challenges: impending depletion of hydrocarbon fuel resources 
aggravated by an ever-increasing demand for energy, and the gloomy prospects of a global 
climate change associated with enormous volumes of fossil-derived CO2 emissions. The well-
acknowledged need to reduce the dependence of human prosperity on fossil sources is 
triggered by political, economic and ecological motives.[1] 
 
In order to maintain the current standard of living and to establish an environmentally 
sustainable energy future, these challenges have to be solved in conjunction with the 
development and implementation of carbon-neutral energy systems.  In an effort to provide 
substitutes, a variety of alternative resources such biomass, has been proposed.  
 
Considering the amount of biomass available, there is a clear opportunity to develop 
commercial processes that could produce products needed at relatively high volumes. Most of 
such products (pharmaceuticals, paints varnishes, etc.)  are now being derived from non-
renewable petroleum resources. Therefore, there has been a growing attention in recent years 
in exploring wood and other biomass materials as a source of chemicals. Currently, only ca. 
3% of the global annual production of biomass, 2.0 x  1011 tons, are used in non-food 
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applications, including production of biomaterials (e.g., oils, inks, dyes, paints, detergents, 
biopolymers, etc.), fuels (methanol, fuel oil, and biodiesel), and bio-chemicals (fuel additives, 
specialty chemicals, phenols, furfural, fatty acids, agricultural chemicals, etc.). Biomass as a 
source for energy and chemicals has two useful attributes; firstly, biomass fixes carbon 
dioxide (CO2) emissions to the atmosphere by photosynthesis, resulting in zero net emissions 
of CO2 and lower SOx and, NOx emissions and secondly, biomass can be produced in a 
sustainable manner. 
 
 As a result of these benefits of biomass-derived chemicals and fuels, governments have set a 
number of ambitious goals regarding biomass utilisation. In the United States, a presidential 
directive called for 20% displacement of all petroleum transportation fuels with biofuels by 
2017 and to replace 25% of the petroleum-based chemicals with bio-based chemicals by 
2025. 
 
The development of biofuels and bio-chemicals in Australia is still in its infancy. The 
Australian Government has established an AU$15 million program for the second generation 
biofuels research and development with the intention of replacing 10-20% of transportation 
fuels with biofuels by 2030.[2] There is a significant opportunity to develop biomass 
processing in Australia with the available technology and raw materials. The best raw 
material prospects for Australia are bagasse, rice hulls and timber processing residues. Other 
primary sources of biomass available for processing in Australia include wheat straw and 
corn cobs.  Bagasse, currently used mostly for energy in sugar mills, rice hulls, timber waste 
and sawlogs, all have the volume available to provide feedstock for a small chemical plant of 
5000 T/yr.[3]  A chemical plant of this capacity would generate revenue of at least US$5 
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million/yr, with potential to increase, depending on the number of value-added products 
formed.[3]  
1.2 Conversion of biomass into fuels and chemicals 
1.2.1 Biomass components and processing  
The basic structure of all woody biomass consists of three organic polymers: cellulose, 
hemicellulose and lignin that are present in the trunk, foliage and bark.  These three structural 
components have rough composition of 35-50%, 15-25% and 10-22%, respectively. In 
addition to these material woody biomass contains pectin, minerals and ash. Of the primary 
components, cellulose is a highly crystalline stable carbohydrate polymer; hemicellulose is an 
amorphous branched carbohydrate polymer with the lowest degree of stability, whereas lignin 
is a highly cross-linked aromatic polymer. Biomass processing is tailored to utilise each of 
the main components to produce biofuels and other high value commodity chemicals. Due to 
the varying ratios of these organic polymers, biomass processing technologies must be 
tailored to capture value from biomass in different ways to achieve optimal outcomes.  
 
There is increasing recognition that low-cost, high-capacity processes for the conversion of 
biomass into fuels and chemicals are necessary for expanding biomass utilisation. While 
much attention has focused on production of ethanol via saccharification and fermentation 
utilising only the cellulose component of biomass, high-capacity processes are also required 
for the production of hydrocarbon fuels and chemicals from all components of biomass. 
Given this context, the following section provides an overview of the thermo-chemical 
methods available for biomass conversion to liquid fuels and chemicals.  
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1.2.2 Biomass conversion by thermo-chemical technologies 
Thermo-chemical processing of biomass has higher efficiencies than bio-chemical processes 
[4-6] since the processing time takes only a few seconds or minutes, as opposed to several 
days for bio-chemical processes. Gas-solid phase, thermo-chemical technologies such as 
pyrolysis and gasification, and aqueous-solid phase technologies such as acid/base 
liquefaction under atmospheric or higher pressures are capable of processing all the polymers 
present in biomass. A number of review papers have been written that might guide the reader 
towards differences between the biomass processing methods.[7-9] For clarity, the 
advantages and disadvantages of the different methods are discussed below. 
 
Thermal technologies, such as pyrolysis and gasification, can effectively process all forms of 
biomass, including complete utilisation of all the components. Of the thermal processing 
options, pyrolysis provides the most versatile product platform, being able to generate solid, 
liquid and gas outputs roughly equivalent to their coal, oil and gas fossilised counterparts. In 
pyrolysis, biomass is heated to 400˚C-900˚C in the absence of oxygen. All biopolymers of 
biomass are broken down to low molecular weight compounds producing  60-75 wt.%  bio-
oil with an energy content of 17-18 MJ/kg, 15-25 wt.% char and 10-20 wt.% non condensable 
gases.[10] The bio-oil has the potential to serve as a feedstock in existing petroleum 
refineries as well as other diverse applications. These can range from a variety of combined 
heat and power options to the extraction of selected chemicals. The major disadvantage of 
upgrading of bio-oil to transportation fuels is the requirement of de-oxygenation and 
transformation of most of the compounds present in the bio-oil. The problems associated with 
its use in heat and power applications are its immiscibility with petro fuels and its lower 
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heating value as compared with petro-fuels. Emulsifiers must be added to make it possible to 
use bio-oil as a fuel additive in boilers and engines[11]. 
 
Pyrolysis as a source of bio oil production has two main technical disadvantages related to 
the moisture content of biomass and formation of bio-char. Any moisture present in the feed 
will simply vaporise and then re-condense with the bio-oil product. The amount of moisture 
in the bio-oil product will negatively impact the quality of the product liquid and the energy 
content, resulting in a low heating value (LHV) product. The latent heat of evaporation of 
water (2.3 MJ/kg) is substantial and drying the biomass feed prior to pyrolysis adversely 
affect the economics of this process since the moisture in the feed becomes a heat sink and 
competes directly with the heat available for pyrolysis.[12]  Formation of bio-char is another 
disadvantage due to handling, incompatibility, storage, and secondary pollutants issues. For 
these reasons, there are relatively few commercial pyrolysis operations using biomass 
feedstock.  
 
Gasification of biomass involves heating the feedstock above 700˚C, with controlled 
concentrations of oxygen (O2) to produce a synthesis gas consisting of hydrogen (H2), carbon 
monoxide (CO), methane (CH4) and small amounts of carbon dioxide (CO2). These gaseous 
products can be converted to liquid transportation fuels by an integrated gasification-Fischer-
Tropsch (FT) process.[7, 13] The FT process converts synthesis gas to a wide range of long 
chain hydrocarbon products, from  liquid  flue gas (LFG), gasoline, naphtha, diesel to wax, 
with the aid of iron or cobalt-based catalysts under high temperature and high pressure. The 
produced long chain hydrocarbon is finally distilled, hydro-cracked or upgraded before being 
used as a liquid transportation fuel.  
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Similar to the pyrolysis process, gasification requires drying pre-treatment of the 
feedstock.[14] The greatest disadvantage of this approach is the production of tar in the initial 
stages of gasification which is responsible for operating failures, such as equipment blocking 
and fouling. In addition, the exergy loss results in low energy efficiency for the overall 
conversion process.[15] High capital costs associated with large scale gasification of biomass, 
the technical risks involved, and the unproven technologies of tar cleaning are the main 
hindrance to the commercialisation efforts. To avoid these inherent gasification energy and 
economic drawbacks, acid liquefaction is usually considered.  
 
As opposed to gas-solid thermo-chemical processing of biomass, drying of the feedstock is 
not a necessary step during aqueous liquefaction of biomass since the reaction medium is 
water. Traditionally, mineral acids (0.5-1.5 wt.%) are commonly used as a catalyst at 
temperatures between 160-200˚C for the hydrolysis of cellulose into sugars. The main focus 
of this technology is the production of ethanol. Other biomass fractions generated are either 
abandoned or burnt to produce electricity or heat [16-18]  
 
Recent aqueous liquefaction technologies of biomass use Hot Compressed Water (HCW) 
conditions, specifically below the critical point of water to depolymerise the cellulose, 
hemicellulose and lignin components. Under these conditions, water directly serves as a 
solvent and reaction conditions. HCW processing allows for integrated energy recovery 
because the hot reactor effluent stream can be used to preheat the ambient temperature feed 
stream. A commercial scale operation under HCW conditions achieves 75% thermal 
efficiency and requires just 2% of the input materials energy content to meet its heat 
demands.[19, 20] In comparison to acid catalysed liquefaction, this chemical processing has 
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the potential to reduce or eliminate the use of aqueous acid catalysts and provide more 
environmentally friendly biomass degradation process. 
 
Among the amiable features of HCW, the most important are the high ion-product (lower pH) 
and a low relative dielectric constant (ε).[21] The ionic product (Kw) of water changes as the 
temperature changes. The Kw reaches a maximum value of 6.34 x10–12 at 250°C and then 
decreases to 1.86 x 10–16 at the critical point (374.15°C, 221bar).[22] The Kw of HCW is three 
orders of magnitude higher than at ambient conditions. Under these conditions, there is a high 
H3O+ and OH– ion concentration. This indicates that HCW behaves as an acid and shows 
similarities in the chemistry of biomass depolymerisation as acidic solutions.  
 
The ε of water decreases from 80 (at room temperature) to 27 (at 250°C) almost equaling to 
that of ethanol/acetone at ambient temperature. Therefore, high temperatures and pressures 
induce the non-polar solvent behaviour of water.[23] Due to this lower dielectric constant, 
organic biopolymers dissolve in HCW, providing a homogeneous reaction condition in the 
aqueous phase for different compounds.[24] As such can support ionic, polar, non-ionic and 
free radical reactions [25];  the relative rates of these different reactions can be particularly 
sensitive to the reaction conditions. Therefore, at these temperatures and pressures, near to 
critical conditions, properties of water, such as density, ionic product and dielectric constant, 
provide different decomposition pathways. [26, 27]  
 
Another important aspect of HCW processing is the ability to selectively depolymerise 
different components according to the operating conditions. This is quite difficult with all 
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other thermo-chemical processes with the applied process conditions. Therefore, complete 
utilization of cellulose, hemicellulose and lignin can be achieved using HCW processing.  
 
The main emphasis of this study is in understanding hemicellulose depolymerisation under 
HCW due to the added benefits that can be added through processing all components of 
biomass. 
1.2.3 Importance of hemicellulose depolymerisation  
Hemicellulose offer promising renewable raw material supply for chemical, agricultural, 
pharmaceutical and polymer industries. Furfural is an important platform chemical that can 
only be derived from hemicellulose. It can be utilised to produce fuel additives, bio plastics, 
polymers, pharmaceuticals, agro chemicals etc. Bio polymers and plastics derived from 
furfural are potential alternatives to current petroleum-based products.  
 
There are only a limited number of experimental studies that have been conducted to 
investigate the reaction pathways of hemicellulose decomposition to determine the kinetics of 
the process.  The formation of monosaccharides and dehydration are demonstrated to be the 
main reactions in relation to the formation of products. However, detailed reaction 
mechanism, kinetics and thermodynamics of these reactions have not been fully elucidated 
due to difficulties in the quantification of products of the reaction. However, in order to 
optimise the yields of desired products, it is important to understand the reaction chemistry of 
hemicellulose depolymerisation in the presence of HCW.   
 
The objective of the present study is to gain further insights into the reaction pathways and 
kinetics of hemicellulose depolymerisation. The effects of reaction temperature, pressure and 
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reaction time will be manipulated to obtain product distribution and reaction kinetics. These 
physical and chemical correlations would be useful for understanding the ideal conditions for 
hemicellulose processing as well as predicting product profiles from hemicellulose under 
HCW conditions. 
 
1.3 Thesis Structure 
Chapter 2 provides a comprehensive literature review on the fundamental chemistry of 
hemicellulose depolymerisation in HCW. The chemical structure, decomposition reaction 
pathways, thermodynamics and kinetics, are reviewed and discussed. The knowledge gaps 
and objectives of this thesis are also proposed. 
Chapter 3 provides a detailed description of the experimental methods including reactor 
design calculations and the analytical equipment for identification and quantification of 
reactant and product species.  
Chapter 4, chapter 5, and chapter 6 present the most relevant results of this research work. 
Each chapter provides the experimental observations and analyses the kinetics and reaction 
mechanism. The result chapters begin with the description of decomposition of 
dihydroxyacetone (DHA) in chapter 4, followed by xylose decomposition in chapter 5 and 
xylan depolymerisation in chapter 6. Chapter 6 provides the experimental observation of 
xylan depolymerisation and develops a kinetic model including detail description of xylose 
and DHA decomposition.  
Chapter 7 presents the conclusions from the current study and gives suggestions for future 
research. 
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CHAPTER 2 
FUNDAMENTALS OF HEMICELLULOSE AND XYLOSE 
DECOMPOSITION 
In this chapter, the fundamentals of hemicellulose decomposition will be discussed, exploring 
previous work on reaction kinetics of hemicellulose decomposition in hot compressed water 
(HCW). Particular importance is placed on fundamental chemistry of decomposition of 
xylan, xylose, dihydroxyacetone (DHA), glycolaldehyde and furfural. A brief introduction to 
the structure of hemicellulose in biomass is first presented, followed by a detailed description 
of structure and composition of xylan and xylose in hemicellulose. The decomposition 
reaction kinetics of xylan, xylose, DHA, glycolaldehyde and furfural under HCW are then 
reviewed. Finally, the knowledge gaps and objectives of this thesis are identified and 
proposed. 
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2.1 Structure of hemicellulose and its building blocks 
2.1.1 Structure and composition of hemicellulose 
Hemicellulose is a colourless and relatively stable carbohydrate polysaccharide.[28] In 
biomass cell walls, it is the second abundant biopolymer next to cellulose, acting as a semi-
soluble polyelectrolyte and bonding agent for cellulose microfibrils.[29] Hemicellulose is 
built up of a relatively limited number of different monomer species with a limiting value of 
100- 200 units.[30] Due to this shorter length of the polymer, it has a low modulus of 
elasticity which is in the range  of ~107 Pa.[31, 32] Therefore, hemicellulose cannot function 
as a structural material in biomass. The lower chemical and thermal stability of hemicellulose 
compared to cellulose can also be attributed to the lower degree of polymerisation. 
 
Hemicellulose exists in biomass in different compositions and structures containing irregular 
side chains. The primary monomer constituents in the backbone are xylose, mannose (isomer 
of glucose), and with lower proportions of glucose, arabinose, ribose, galactose (isomer of 
glucose) monomers. The side chains are typically acetyl, glucuronosyl groups and uronic 
acids (glucuronic acid, methylgalacturonic acid and galacturonic acid).[33-35] 
 
Depending on the primary monomer on the backbone, different types of hemicellulose can be 
identified. They are xylo-glucan, xylan, arabino-xylan, gluco-mannan, mannan and 
glucan.[36, 37] The molecular structure of xylo-glucan is presented in Figure 2.1. As shown 
in the figure, one xylose monomer in the main chain is linked to a glucose monomer by β 1,4’ 
glycosidic bond to derive the xylo-glucan polysaccharide.[38, 39] 
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Figure 2.1 Scheme illustrating the characteristic β 1,4’ glycosidic linkage of xylo-glucan, 
side chains of acetyl groups and glucouronic acid 
 
Similarly, the difference in the name such as glucan and mannan relates to the associated 
main monomer groups in the backbone. For example, glucan consists of glucose backbone 
monomers whereas gluco-mannan consists of a backbone of mannose and glucose in 1.6:1 
ratio and mannan are of mannose monomers in the primary chain.  
 
2.1.2 Structure of Xylan 
Xylan is the main polysaccharide in hemicellulose [33, 40], comprising of 80-85% of 
hemicellulose and accountable to about 20–30% of biomass.[41, 42] Xylan forms hydrogen 
bonds with cellulose and covalent bonds (mainly α-benzyl ether linkages) with lignin.[43] A 
schematic presentation of xylan polysaccharide is shown in Figure 2.2.  
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The common backbone monomer of xylan is xylose.[18] The terminal units of xylan chain 
are dissimilar at each end due to the different side chains attached to the backbone of xylan. 
Many of the xylose monomers contain an O-acetyl group at position C-2 or C-3. The content 
of such O-acetyl groups’ range from 9 to 17% (w/w) of xylan and corresponds to 
approximately four to seven acetyl groups per ten xylose monomer groups. Therefore, the 
average degree of acetylation of the xylose residues in these polymers is approximately 40-
70%.[36, 44, 45] This degree of acetylation and side chains are dependent on the type of 
biomass. Hardwood (angiosperm) biomass has a higher degree of acetylation compared to 
softwood (gymnosperm). Therefore, hardwood xylan has a higher susceptibility for 
depolymerisation compared to softwood. 
 
Figure 2.2 Chemical structure of xylan chain exemplifying the β 1,4’ glycosidic linkage and 
acetylation 
2.1.3 Structure of Xylose 
Xylose is the main component of xylan, which can represent up to 70% of its weight.[40, 46] 
Xylose is classified as a monosaccharide of the aldopentose type, which means that xylose 
contains five carbon atoms and includes an aldehyde functional group. Xylose can be present 
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in xylan in cyclic as well as acyclic forms, although the cyclic form predominates. In the 
cyclic form, it is either in pyranose form, five-carbon monosaccharide featuring a six-member 
C5O rings, or in the furanose form which features five-member C4O rings (with a pendant 
CH2OH group). The most prevalent conformer of the five-member ring xylose is 
schematically presented in Figure 2.3. 
 
 
Figure 2.3  A representation of the chemical structure of xylose in pyranose form 
 
2.1.4 Structures of Arabinose and Ribose 
Arabinose and ribose are the other 5-carbon sugars present in xylan. They are also aldo-
pentoses similar to xylose. Average composition of xylose to arabinose in most of the xylan 
types is around 1:0.4 [47, 48]. 
Ribose is also a five-carbon aldo-pentose which is generally present in the cyclic form. 
Average composition of xylose to ribose in most of the hemicellulose types is around 
1:0.3[47]; other 5-carbon monomers, such as lyxose and ribulose, are less in natural xylan. 
The five-member ring structures of arabinose and ribose are schematically presented in 
Figure 2.4. 
 
 
 
Figure 2.4 Arabinose and Ribose 
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2.1.5 Summary 
This section reviewed the composition, function and structure of hemicellulose in biomass. In 
order to understand the importance of studying hemicellulose decomposition under HCW 
conditions, knowledge of availability and structural information are essential.  
Further, the structure of main hemicellulose polysaccharide and monosaccharide xylan and 
xylose are discussed. Understanding the diversity and detailed knowledge of the molecular 
structure, physio-chemical and functional properties of hemicellulose is necessary if an 
effective use of this resource is to be achieved.  
 
2.2 Reaction pathways of the decomposition of Xylan and Xylose 
2.2.1 Depolymerisation of Xylan 
Depolymerisation of xylan can be initiated in the presence of acid [49-58], alkali [59-62] or 
enzyme [33, 63, 64] catalyst at low temperatures (<150˚C), or in pure water under HCW 
conditions above 180°C.[17, 65-75] 
 
Xylan liquefies at relatively lower temperatures (180˚C-220˚C) in HCW compared to 
cellulose degradation which takes place at higher temperatures ~230˚C.[22, 38, 76] The 
duration to achieve 100% liquefaction of xylan varies in a wide range, from a few minutes 
between 190˚C-280˚C [77, 78], to several hours for milder conditions between 150˚C-
170˚C.[79, 80] Therefore, by varying reaction conditions, different product compositions can 
be obtained. 
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HCW conditions are suitable for selective xylan solubilisation and depolymerisation during 
biomass decomposition [25, 50] since under selected conditions, xylan can be almost 
quantitatively separated from lignocellulosic biomass for further processing. For instance, at 
200˚C–230˚C, 345 bar, 15 min a solution rich with 100% xylan monomers comprising of 
xylose, galactose, arabinose [66, 81], only a fraction of lignin (15%–30%), and cellulose 
(4%–22%) can be obtained under HCW conditions.[82, 83]  
 
Hardwoods are more favourable to HCW processing than softwoods due to their higher 
content in acetyl groups that provide increased catalyst concentration in the aqueous media. 
Therefore, HCW treatment of hardwoods has been considered by many researchers while 
little information exists on its use for the softwoods.[17, 82] For example, sugar maple xylan 
solubilisation under HCW conditions demonstrated that 60-75% of the acetyl groups 
contained in the raw material can be obtained as acetic acid [67] at 152˚C-175˚C within 6 
hours without obtaining many xylo-oligomers in the product. Therefore, deacetylation is the 
initial reaction that occurs during xylan depolymerisation instead of breaking down the xylan 
backbone. However, detailed analysis on how deacetylation assist depolymerisation of xylan 
has not been understood.  
 
A number of experimental studies have been carried out to understand the depolymerisation 
behaviour of xylan under HCW conditions in batch and continuous flow systems. The 
findings in the literature are discussed in the following section. 
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Batch systems 
Wheat straw xylan decomposition under HCW in conventional batch reactor with low solid 
(xylan) concentrations (~2%wt) resulted in extremely low xylan depolymerisation between 
170˚C and 180˚C and 7.5 to 15 minutes. It is due to dilution of the acetic acid formed during 
the HCW reaction in the excess water.[1, 84] Therefore, the liquid-to-solid ratio (LSR) is a 
critical parameter to be optimised to obtain efficient and effective depolymerisation of xylan. 
 
Solid concentrations (LSR) between the substrate and the reaction medium water for HCW 
reaction can vary between 2-100% (w/w), [85, 86] with the most common ratio around 10%. 
[17, 37, 85] Lower LSR may also affect the catalyst (acid) concentration in the media in two 
ways: 
i. Higher release of acetyl groups favouring depolymerisation 
ii. Effectively increase buffering capacity at neutral pH  
Microwave assisted xylan depolymerisation resulted in a product mixture comprising of xylo-
oligomers and sugars within 180˚C-230˚C at 1-25 bar for 2-10 minutes.[87] Therefore, 
microwave heating slightly enhanced xylan depolymerisation, initiating the reactions at 
180˚C.  
The concentration of xylo-oligomers decrease with increasing temperature with a comparable 
increase in the sugar yields.[88] However, the molecular distribution of the produced xylo-
oligomers has not been conducted in literature. Thus, mechanism for sugar production from 
xylo-oligomers cannot be deduced.  
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Some contradictory findings to other research on xylan depolymerisation under HCW at 
180˚C-220˚C and pressure of 100 bar are the formation of furfural and formic acid as the 
main product, with humin as by-product. [24, 89] It could be due to the long reaction times or 
due to incorrect temperature measurements that do not exemplify the actual reactor 
conditions. Therefore, it is necessary to improve experimental methods and product analysis 
techniques to identify and quantify product distribution during xylan decomposition. 
 
Continuous flow systems 
HCW xylan hydrolysis in flow reactors starts approximately at 180˚C.[38, 90, 91] Production 
of high levels of organic acids such as acetic, formic and uronic acid, reduced the product pH 
value to 3.[55] Hence the side chains of xylan are initially hydrolysed, adding additional 
acidity to the product mixture and subsequently intensifying depolymerisation. 
 
The experimental studies on xylan examine the depolymerisation from xylan directly to 
xylose. Studies on how the xylo-oligomers are converted to sugars have not been clearly 
described in the literature. Summarising the reaction pathways of xylan depolymerisation 
under HCW conditions, the following pathways can be highlighted.  
(i) Deacetylation of side chains via acetic ester to produce acetic acid.  
The heterocyclic ether bonds shown in Figure 2.1 are the most susceptible to hydrolysis 
reactions. Deacetylation of these side groups is by cleavage of the ether bond (R-O-R) 
removing part of acetyl esters as acetic acid.[17, 27, 68, 85, 92-98] This leads to the initial 
hydrolysis which catalyses the depolymerisation of xylan for the formation of xylo-
oligomers. 
(ii) De-etherification of xylan ether linkages via the uronic acid group.[27, 43, 98, 99]  
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The splitting of the ether bond in xylan side groups produces different uronic acids adding 
acidity to the product solution.[85, 88] However, the rate of protonation of the ether bond is 
still unknown. Most likely, it depends on the acidity level produced by water through the  
reaction temperature and pressure, which may restrict or promote proton transportation to this 
ether linkage.[100, 101]  
 
(iii) Hydrolysis of β 1, 4’glycosidic bonds to produce xylo-oligomers.[38, 65, 66, 68, 102]  
In the second stage, hydronium ions coming from HCW and acetic acid act as catalysts 
improving reaction kinetics and breaking the glycosidic linkages in the main chain. However 
the catalytic effect from acetic acid is superior to HCW. This is because the contribution of 
H3O+ from acetic acid is greater than that from water auto-ionisation. Therefore, it can be 
concluded that deacetylation and splitting of uronic ether bonds are pre-dominant at the initial 
depolymerisation while hydrolysis of the xylan backbone becomes prominent at the later 
stages and with the increase in temperature.[40, 89, 103, 104] 
 
2.2.2 Decomposition of Xylose 
Xylose is one of the most important intermediates produced from xylan depolymerisation. 
Under HCW conditions, xylose further converts into xylulose, furfural, glyceraldehyde, 
glycolaldehyde, DHA, methylglyoxal and several organic acids.[105-108] The decomposition 
of xylose under HCW conditions proceeds via a complex reaction network that has not been 
entirely elucidated. Some possible reaction pathways have been proposed on the basis of 
available organic chemical knowledge and experimental analysis of different model 
compounds.[87, 91, 109, 110]  
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The reported reactions can be mainly summarised into four channels, designated as A, B, C 
and D as presented in Figure 2.5. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.5 Summary of  the reported reaction pathways of xylose decomposition to produce 
xylulose (A), furfural (B), glyceraldehyde and glycolaldehyde (C), furan (D), acetic acid, 
DHA, methylglyoxal, lactic acid, propionic acid and propenoic acid (C), and formic acid (C 
and D) 
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(A) Cleavage of the pyranose ring to produce acylic xylose. The ring opening of xylose 
proceeds via the dissociation of the C-O bond in cyclic hemi-acetal [C(OR)(OH)] 
group.[111]  
Under HCW conditions, acyclic xylose can be easily tautomerised to several acyclic isomers 
via keto-enol tautomerisation. [108, 111-114] These isomers include 1,2-endiol, xylulose 
[114, 115] and 2,3-endiol as presented in section A of Figure 2.5. The formation of acyclic 
endiols is, apparently, the initial reaction that leads to dehydration products. 
(B) Dehydration of xylose and its isomers to furfural by losing three water molecules.[106, 
112, 113, 116] 
(C) Retro-aldol condensation (RA) of acyclic xylose to produce glycolaldehyde and 
glyceraldehyde. Glyceraldehyde isomerises rapidly to dihydroxyacetone via endiol 
intermediate. Both glyceraldehyde and dihydroxyacetone can dehydrate into methylglyoxal, 
which further converts into lactic acid via benzilic acid rearrangement. [117-121] 
(D) RA of 1,2 endiol to produce furan and formic acid.[108] 
Inspection of the above reaction network of xylose decomposition identifies dehydration and 
RA as two primary reactions. Dehydration is predominant under low temperature conditions 
of 160˚C to 280˚C. [112] This characteristic could be used as one of the parameters in the 
optimisation and increasing the selectivity of furfural production. 
 
Few studies have recently been conducted to advance the fundamental knowledge of xylose 
decomposition under acidic and HCW conditions. Investigations into the mechanism by 
which xylose is converted to furfural under acidic environment [89, 122, 123] suggested the 
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pathway shown in Figure 2.6 for xylose dehydration. This involves a keto-enol 
tautomerisation to 1,2-endiol followed by dehydration[124]. First dehydration of xylose 
generates a stable oxacarbenium ion (R2C=O) via acid-catalysed protonation of the -OH 
group on C1. The second and third dehydration reactions occur similarly via hydride transfer 
to the electron-deficient centres from one of the neighbouring carbon atoms, followed by the 
proton transfer to the leaving –OH groups. Studies on xylose dehydration to furfural under 
HCW conditions still do not provide a clear mechanism for xylose conversion to furfural. 
Thus, there is a need to understand the dehydration mechanism under HCW conditions. 
 
 
 
 
 
 
 
 
 
Figure 2.6 Mechanism of xylose dehydration to furfural under acidic conditions 
 
Xylose decomposition under HCW conditions within 190˚C-220˚C [125, 126] produced a 
product distribution mainly consisting of organic acids, formic acid, acetic acid and to a 
smaller extent of furfural. With increasing temperature, the selectivity towards furfural 
increased. Further xylose decomposition under supercritical conditions (650˚C-750˚C, 250 
bar) also produced similar liquid phase products such as furfural and glyceraldehyde, with 
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small amounts of glycolaldehyde, acetic acid and propenoic acid. [127] Therefore, the 
reaction pathways of xylose can be changed with the change of temperature, and temperature-
based product selectivities can be obtained during decomposition of xylose. 
 
Molecular dynamics studies on xylose decomposition by using quantum mechanical 
calculations in  a vacuum and water [100] resulted in identifying protonation of xylose 
molecules as the rate-limiting step for xylose decomposition. Therefore, xylose protonation 
under HCW conditions needs to be further analysed to improve the efficiency of xylose 
decomposition. 
 
2.2.3 Decomposition of DHA and glycolaldehyde 
2.2.3.1 Decomposition of DHA       
One of the initial products of HCW decomposition of xylose is DHA, as the result of retro- 
aldol condensation reaction. DHA is a C3 carbohydrate which undergoes isomerisation to 
glyceraldehyde and dehydrated to methylglyoxal.[128] The yield and selectivity of these 
products depend upon the operating conditions. [129-131] 
 
Without the addition of catalyst, DHA slightly decomposes at low temperatures (< 180˚C); 
for example, only 40% DHA is decomposed in 330 s at 180˚C. [129, 132] Only a few 
experimental studies have been conducted to examine the mechanisms of DHA 
decomposition. The HCW decomposition of DHA at 300˚C-400˚C showed, rapid conversion 
of DHA to a mixture of compounds, some of which are observed in xylose decomposition 
under similar conditions.[111] The identified compounds are glyceraldehyde, methylglyoxal 
24 
 
and organic acids such as lactic acetic and formic.[133] The proposed reaction pathways are 
summarised in Figure 2.7. 
 
 
 
 
 
 
 
 
 
Figure 2.7 Reaction pathways of DHA decomposition to produce glyceraldehyde, 
methylglyoxal and organic acids under hot compressed water conditions 
 
(E)  Isomerisation of DHA into glyceraldehyde via 1,2-endiol is one of the major products 
under subcritical conditions.[129] It can also be converted to methylglyoxal under the same 
conditions.  
 
(F) Dehydration of DHA and glyceraldehyde to produce methylglyoxal under the same HCW 
conditions. This reaction competes with the formation of glyceraldehyde under HCW in the 
absence of an acid catalyst.[130] 
 
(G) Methylglyoxal is further decomposed to organic acids under the HCW conditions.[129] It 
is also suggested that methylglyoxal further converts to lactic acid via benzilic acid 
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rearrangement or by hydride shift, under alkaline conditions[134] and with Zn2+ catalysis 
respectively.[135]  
Study of the proposed reaction network in literature implies that DHA reacts via two paths, 
namely isomerisation and dehydration. Dehydration is predominant under the subcritical and 
near-critical conditions without any acid catalysis. The reaction mechanism for the 
production of acetic and formic acids has not been elucidated in literature. These aspects 
necessitate further understanding of DHA decomposition under HCW conditions to develop a 
reaction mechanism that fully explains the decomposition of DHA. 
 
2.2.3.2 Decomposition of glycolaldehyde 
Glycolaldehyde (also known as hydroxyethanal, hydroxyacetaldehyde) is the simplest 
hydroxycarbonyl and a significant compound in xylose decomposition. Important pathways 
of HCW conversion of monosaccharides start with the retro-aldol condensation to form 
glycolaldehyde. In C5 sugars,  the other product could be a C3 sugar such as glyceraldehyde 
or DHA. Glycolaldehyde under HCW at 340˚C, 275 bar, for 200 s produces a complex 
mixture of compounds of acids and aldehydes.[133]  
 
The products are specifically, glycolic acid, formic acid, hydroxyacetone, lactic acid, acetic 
acid, acetone, DHA, acetaldehyde and ethylene glycol. The presence of compounds with 
more than two C atoms, such as lactic acid, DHA, acetone, hydroxyacetone proves that 
oligomerisation reactions play a pivotal role in glycolaldehyde decomposition. The possible 
reaction pathways of glycolaldehyde degradation are summarised in Figure 2.8. 
 
 
26 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.8 Possible reaction pathways of glycolaldehyde decomposition to produce 
hydroxyacetone, DHA and formaldehyde under hot compressed water conditions 
 
(J) The tautomerisation and  decarbonylation to  hydroxyacetone [133] under  HCW 
conditions 
(K) Aldol condensation of glycolaldehyde to erythrose followed by isomerisation and retro-
aldol condensation to DHA and formaldehyde. This reaction competes with the formation of 
hydroxyacetone under HCW conditions in the absence of added catalyst.[136] 
 
The yield of lactic acid from glycolaldehyde is extremely low under HCW conditions. 
However, it is largely enhanced in the presence of an alkaline catalyst.[134] Under alkaline 
conditions, glycolaldehyde decomposition at 300˚C produces lactic acid as the dominant 
J 
K 
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product. So by varying the reaction conditions, reaction pathways can be controlled to obtain 
desired products. 
The base-catalysed lactic acid production from glycolaldehyde starts via aldol condensation 
of glycolaldehyde to erythrose [136, 137]. As summarised in Figure 2.9, the reaction 
pathways L and M include dehydration, tautomerisation and retro-aldol condensation to form 
methylglyoxal which then decomposes to lactic acid via benzilic acid rearrangement. 
 
 
 
 
 
 
 
Figure 2.9 Possible reaction pathways of base catalysed glycolaldehyde conversion to lactic 
acid 
A definite reaction pathway cannot be derived from previous studies on glycolaldehyde 
conversion to lactic acid under HCW conditions and basic conditions because it is not known 
how the benzilic acid rearrangement is initiated under the different conditions.  
Product yields and glycolaldehyde conversion have been calculated under alkaline catalysed 
conditions.[136, 138] Table 2.1 summarises the available data for product yields for 
glycolaldehyde decomposition under alkaline conditions. Both the temperature and alkaline 
concentration have significant effects on the product distribution. The yield of lactic acid is 
significantly increased by increasing temperature and catalyst concentration. In contrast, with 
increasing NaOH concentration, the formic acid yield reduces, and only a slight increase in 
L 
M 
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the yield is observed due to increasing temperature. Acetic acid and acrylic acid also follow 
similar trends with change of NaOH concentration and temperature. Therefore, significant 
changes to reaction pathways can be obtained with changing process conditions. 
 
Table 2.1 Yields of products from glycolaldehyde by alkali hydrothermal treatment at the 10-
min reaction time[136] 
  Yield (% carbon) 
T (oC) NaOH (M) Lactic acid Formic acid Acetic acid Acrylic acid 
200 0.25 11 10.1 1.9 1.0 
 0.75 17 5.4 1.6 1.3 
300 0.25 17.8 13.7 8.8 5.0 
 0.75 28.1 8.9 3.9 3.8 
 
2.2.4 Decomposition of furfural 
Furfural is recognised as a particularly reactive compound and is known to polymerise under 
acidic, basic and HCW environments.[139] The yield and selectivity of the product 
composition strongly depend on the operating conditions. [139-142]  However, without the 
addition of catalysts minimal furfural decomposition is observed at low temperatures 
(<200˚C). For example, no decomposition of furfural was observed in 8 h at170˚C[126], with 
minimal improvement in  furfural decomposition (3-5%) at 230˚C at 75 h. Furfural re-
polymerisation is lower, even at high temperatures (250˚C) with trace quantity of tar. [107, 
112, 116] Several experimental studies have been conducted to examine the mechanisms of 
furfural decomposition under HCW conditions.[143] A summary of the results are discussed 
in this section. 
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Parallel to polymerisation, furfural can also be decomposed to furfuryl alcohol, 5- 
hydroxymethylfurfural (5-HMF) and furan.  The proposed reaction pathways are summarised 
in Figure 2.10. 
 
 
 
 
 
 
 
 
 
Figure 2.10 Reaction pathways of furfural decomposition to the 2,5-
bis(hydroxymethyl)furan, 5-HMF, furan and polymers 
 
(N) Reduction of furfural produces furfural alcohol, which is further decomposed to the 2,5-
bis(hydroxymethyl)furan in the presence of  acidic conditions with formaldehyde. The 
hydration of furfuryl alcohol produces levulinic acid.[62] 
 
(O) Furan in produced by decarbonylation of furfural. This reaction is intensified by the 
addition of metal catalyst, such as Ni or Pt. 
(P) Formation of 5-HMF from furfural involves hydroxymethylation of furfural with 
formaldehyde in the acidic medium at low temperatures (<200˚C) 
(Q) Polymerisation of furfural with itself or other aromatic products to produce a tar. The 
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formation of tar is observed in experiments in the supercritical water without added 
catalysts.[144-147] 
The major drawback in establishing a reaction mechanism for furfural polymerisation is the 
lack of understanding of intermediate compounds in polymerisation. However, it is 
understood that under acidic conditions, the polymerisation reactions are promoted. It is also 
suggested that self-polymerisation of furfural is promoted by temperature, and functionality 
of the growing chain increases after each oligomerisation step until gelation and precipitation 
of the resin. 
 
In addition to polymerisation under HCW conditions, the furan hetero-cycle is reported to 
undergo ring opening, resulting in aliphatic open-chain products.[141, 148] Some of the 
fragmentation products under HCW conditions are identified as methylglyoxal, 
formaldehyde, glyceraldehyde or glycolaldehyde. Further furfural fragmentation to formic 
acid has been observed by some research groups under HCW conditions.[149] However, 
these reaction pathways have not been fully understood; therefore, the possibility of ring 
opening under HCW conditions needs further investigation. 
 
2.2.5 Summary 
The available reaction mechanisms of xylan, xylose, DHA, glycolaldehyde and furfural 
decomposition with or without catalysts were reviewed in this section. The main products 
from xylan depolymerisation and xylose decomposition under catalyst-free HCW conditions 
are similar to those under dilute acid conditions, but they might differ in the relative 
concentrations. 
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2.3 Reaction thermodynamics of hemicellulose decomposition 
Kinetic modelling is essential for understanding and predicting the decomposing behaviour of 
a chemical. However, there are only a few kinetic models developed for the analysis of 
hemicellulose decomposition under HCW conditions.[150] The challenges that impede model 
development is attributable to a large number of undetermined reaction pathways in HCW as 
well as for lack of thermodynamic data. For instance, thermodynamic properties of 
hemicellulose, xylan or xylo-oligomers are still not available. Only the thermodynamic 
properties of xylose and its decomposition products are available. Therefore, in this section, 
the reported kinetic data of the compounds and reactions in xylose decomposition are 
presented. This section aims to provide available thermodynamic knowledge of xylose 
decomposition in order to obtain a better understanding of the fundamentals of these 
reactions. 
 
2.3.1 Aqueous phase thermodynamic properties of species involved in xylose 
decomposition 
The standard thermodynamic properties (STP) of the compounds involved in xylose 
decomposition are summarised in Table 2.2. These data are collected from both experimental 
measurements and theoretical computations. The present data include aqueous phase STP 
referring to the standard state  of 298.15K and 1M (presented in the second and third 
column), as well as STP of pure substances at other phases referring to the standard state of 
298.15K and 1 atm (presented in the fourth and fifth column). 
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Table 2.2 Standard enthalpy of formation (∆fHo) and standard entropy(S) of the species in 
hemicellulose decomposition (symbol aq, l, g and c represent aqueous, liquid, gas and crystal 
respectively. Enthalpy in kcal mol–1 and entropy in cal K–1 mol–1) 
Species ∆fHoaq Saq ∆fHo S 
water - - -68.3 [151] (l) 16.7 [151] (l) 
xylose   249.7 [109] 48.6 [152] 
xylulose   245.8 [153] 58.10 [152] 
furfural   -47.8 (l) 52.1 [154] (l) 
furfuryl alcohol   -50.5 [155] (g)  
furan   -7.3 [156] (g)  
glycolaldehyde   -75.6 [157] (g) 68.8 [158] (g) 
glyceraldehyde   -142.9 [159] (l)  
DHA   -343.2 [160] (c)  
methylglyoxal   -6.5 [159] (g)  
lactic acid -164.0 [161] 49.8 [161] -161.2 [159] (l) 45.9 [159] (l) 
acetic acid -116.1 [162] 42.7 [162] -115.6 [163] (l) 37.8 [164] (l) 
formic acid -101.7 [162] 38.9 [162] -101.6 [165] (l) 31.5 [166] (l) 
propenoic acid   -77.6 [160] (g) 45.61 [155] (l) 
succinic acid   -196.7 [160] (g) 39.91[155](c) 
glycolic acid   -134.9 [160] (g) 76.1 [167] (g) 
 
As can be seen in Table 2.2, the available aqueous phase thermodynamic information for the 
compounds related to xylose decomposition is not available. The available information of the 
enthalpies and entropies on aqueous phase show slight variation from corresponding liquid 
phase values. Therefore, liquid phase properties can be used as initial estimates for aqueous 
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phase kinetic modelling analysis. However, more aqueous phase thermodynamic properties 
are needed for fully understand the chemical reaction mechanism of this decomposition under 
HCW conditions. 
 
2.3.2 Aqueous phase thermodynamics of reactions involved in xylose decomposition 
Chemical reaction systems are constrained by the fundamental laws of thermodynamics, 
which impose well-defined relationships among the reaction rate constants characterising 
these systems. Constructing chemical reaction systems from only experimental observations 
often leads to parameter values that do not satisfy the necessary thermodynamic constraints. 
This can result in models that are not physically realisable and may lead to inaccurate, or 
even erroneous, predictions on the product distributions. Therefore, this information is vital 
for the development of thermodynamically consistent kinetic models for xylose 
decomposition. Hence, the thermodynamics of some critical reactions have been studied 
experimentally and computationally. All the available data are summarised in Table 2.3.  
 
Table 2.3 Aqueous phase reaction enthalpy (∆rHaq) and Gibbs free energy (∆rGaq) of the 
reactions in xylose decomposition (enthalpy and Gibbs free energy in kcal mol–1; temperature 
in ˚C. a: experimental studies;  b: computational studies) 
Reaction ∆rHaq ∆rGaq T Reference 
b DHA → methylglyoxal + H2O -4.1 -15.2 25 [160] 
a xylose→ xylulose 3.84-5.32 1.0-1.04 27 [109] 
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Enthalpies and Gibbs free energies are available for only two reactions involved in xylose 
decomposition under HCW conditions, so there is extremely limited understanding of what 
happens to the monomer and the decomposition products under HCW conditions.  
 
2.3.3 Summary 
The thermodynamic properties of the species and reactions relevant to xylose decomposition 
are reviewed in this section. Most of the available thermodynamic data in literature refer to 
pure substances at their most stable state. In contrast, the corresponding information in 
aqueous solutions is very limited.  Although the available information on liquid and the 
aqueous phase have slight variations, they cannot be directly applied in HCW kinetic 
modelling.  
 
2.4 Reaction kinetics of the process of xylan decomposition 
A number of studies have been carried out on the kinetics of xylan decomposition. This 
section will summarise and discuss the reaction kinetics of the decomposition of xylan, 
xylose, DHA, glycolaldehyde and furfural. 
 
2.4.1 Reaction kinetics of xylan decomposition 
Experimental studies on the kinetics of xylan decomposition have been conducted under sub-
critical and near-critical conditions. These studies show that deacetylation is faster than 
hydrolysis of the β 1,4’glycosidic bond at temperatures within 180-200˚C while at higher 
temperatures, both reaction pathways become significant.  Both hydrolysis [98, 168] and 
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deacetylation of xylan follow the pseudo-first order kinetics under HCW conditions.[66, 67, 
169] 
In the presence of an acid catalyst, xylan also follows pseudo-first- order kinetics. [56, 170-
173]  The reaction temperature required for acid-catalysed hydrolysis is approximately 
120˚C.[174]  The available kinetic data of xylan depolymerisation to xylose in the absence or 
the presence of acid catalysts are summarised in Table 2.3, together with the operating 
conditions and types of reactors used on the experimental analysis.[175] Inspection of Table 
2.4 shows that the kinetic parameters of either non-catalysed hydrolysis or acid-catalysed 
hydrolysis of xylan do not agree well with each other even at a narrow range of conditions.  
 
For example, the difference in the activation energy of xylan decomposition determined from 
two separate studies [102, 176] under similar conditions with different types of reactors is 
~200 kJ mol–1. This is probably because of the rapid and complex reactions occurring under 
these conditions and the type of xylan used for the studies. 
Table 2.4 Kinetic parameters of xylan depolymerisation to xylose (T in ˚C, P in MPa, Ea in 
kJ mol–1 and A in s–1) 
Catalyst T P Ea A Type of reactor Ref 
None 170-230  11  Semi-continuous  [176]
None 190-220  216  Batch [102]
None 150-175  117.1 7.1x1013 Batch [67]
None 160-220 4 65.5 2.4 x 106 Batch [175]
None 250-300 10 100 7.4 x 108 Batch [90]
None 250-300 10 96 4.4 x 108 Batch [90]
0.25 wt % H2SO4 80-200  82.8-107.2 2.1 x 107 Batch [56]
0.25wt % HCl 80-200  73.0-74.5 2.3 x 106 Batch [56]
0.082M H2SO4 100-170  128.6-157.1  Batch [177]
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Although xylo-oligomers are observed during xylan decomposition, proposed kinetic data 
assumes that xylan decomposition to xylo-oligomers is slower than direct xylan 
decomposition to xylose and that most of the xylose is produced directly via xylan 
decomposition. Therefore, the rates of different molecular weight xylo-oligomer production 
and destructions are not considered. This may be due to the unavailability of proper 
identification and quantification techniques for oligomers that inhibit proper predictions of 
the actual decomposition behaviour and the identification of the relatively stable and unstable 
compounds during the decomposition reactions.  
 
Certainly more detailed kinetic studies of the elementary reactions of xylan decomposition at 
various conditions are required, and an approach to accurately determining the rates of 
different oligomer formation and destruction needs to be developed. 
2.4.2 Reaction kinetics of xylose decomposition 
HCW Conditions 
The kinetics of xylose decomposition has been studied intensively under HCW and acidic 
conditions. [24, 66-68, 111, 127, 129, 130, 178, 179] The global activation energy of xylose 
decomposition under HCW is in the range of 102-141 kJ mol–1 [24, 111, 180], with the 
corresponding pre-exponential factor in the range of 1012-1013 min–1. This activation energy  
and the pre-exponential factor are comparable with that under acidic conditions, which ranges 
within 111-140.5 kJ mol–1[105, 169] and1012 min–1.[56] The available kinetic data of 
different reaction pathways of xylose decomposition under HCW are summarised in Figure 
2.11, with the corresponding experimental conditions and references. 
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a: ref 65 (300-400°C,250-350 bar), b: ref 64 (180-220°C), c: ref 105(450-650°C,250 bar),  d: 
ref 79 (300-340°C,250-275 bar), e: ref 59 (350-400°C,400-1000 bar), f: ref 106 (180-240°C), 
g: ref. 29 (152-175°C), h: ref.30 (150-190°C )  
Figure 2.11 The available kinetic data of xylose decomposition under hot compressed water 
conditions (Ea in kJ mol–1 and A in s–1) 
  
As shown in Figure 2.11, the available kinetic studies have covered most reactions of xylose 
decomposition in the absence of additional catalysts. However, most of them fail to achieve 
consistency with each other. The kinetic analysis for determining the Ea and the 
corresponding A is observed to be significant for some reactions, such as xylose dehydration 
to furfural and glyceraldehyde and DHA isomerisation. Since xylose decomposes under 
HCW via a complex reaction network, investigation of the unknown kinetic parameters and 
the effects of operating conditions, catalysts and solvents on the rates of different reaction 
channels are essential to understand the decomposition behaviour. 
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2.4.3 Reaction kinetics of DHA and glycolaldehyde decomposition 
2.4.3.1 Reaction kinetics of DHA decomposition 
The decomposition of DHA is reported to be first-order to the DHA concentration. [129, 130, 
133]  The decomposition rate of DHA is much faster than xylose under HCW. The available 
kinetic data of different reaction pathways of DHA decomposition under HCW are 
summarised in Table 2.5 with the corresponding reaction conditions. The kinetic model 
developed for the analysis of DHA decomposition exclusively uses experimental data, and 
the thermodynamic properties of compounds are not taken into consideration. 
Table 2.5 Kinetic parameters of decomposition of DHA 
Products T (˚C) E (kJ mol–1) A(s–1) Ref. 
glyceraldehyde 180-220 154.3 1.5·1013 [130] 
 300-400 130.5 5.5·1010 [129] 
methylglyoxal 180-220 88.6 2.0·1011 [130] 
 300-400 91.5 3.0·1011 [129] 
acids 180-220 94.0 6.0·1011 [130] 
 300-400 76.9 1.09·106 [129] 
 
The reported kinetic data on DHA decomposition under HCW conditions agree well with 
each other. Therefore, the DHA decomposition in subcritical and supercritical temperatures 
follows similar reaction kinetics. However, determination of the unknown compounds, the 
kinetic parameters of the unknown pathways and the effect of catalysts on the rates of 
different reaction channels will improve the knowledge on DHA decomposition under HCW 
conditions. 
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2.4.3.2 Reaction kinetics of glycolaldehyde decomposition 
There  are no available reaction kinetics on glycolaldehyde decomposition under HCW.  
Therefore, a comprehensive study on the glycolaldehyde decomposition under HCW 
conditions is required to determine the kinetic parameters on the identified reaction pathways.  
A sophisticated kinetic model needs to be developed, considering the detailed decomposition 
reaction pathways and thermodynamics and kinetics at high temperature and pressure. 
 
2.4.4 Reaction kinetics of furfural decomposition 
Limited studies have been conducted on the reaction kinetics of furfural decomposition under 
acid-catalysed [141, 181, 182] and HCW conditions. The rate of producing fragmentation 
products is reported to be first-order in the concentration of furfural [113, 139, 182], whereas 
the rate of polymerisation, with reaction order of 2, is significantly enhanced by the increase 
of temperature.[116, 183] 
 
The kinetic data of furfural decomposition to fragmentation products with acid catalysis is 
collected in Table 2.6, showing that the reported kinetic parameters are not consistent. [102, 
125, 164, 165] Clearly a systematic review on furfural decomposition kinetics under HCW 
conditions  is needed to understand the behaviour of furfural. 
 Table 2.6 Kinetic parameters of furfural decomposition under acid catalysis 
T(˚C) Catalyst Ea(kJ mol–1) A (s–1) Reactor Type Ref. 
150-200 H2SO4 
36.4-145.5 mM 
125.1 3.71·1011 Continuous [141] 
150-210 H2SO4 
100-200 mM 
84.4 3.0·105 Batch [182] 
130-170 H2SO4 92.4  Batch [184] 
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130-170 HCl 48.1  Batch [181] 
130-200 HCOOH 
7-30% wt 
75.5  Batch [116] 
130-170 HCl 
0.1M 
67.5 
 
2.75·105 Batch [185] 
130-170 0.1M HCl 48.0 1.29· 103 Batch [140] 
 
 2.4.5 Summary 
The kinetic data of the reactions of xylan, xylose, DHA and furfural decomposition in the 
presence and absence of catalysts are reviewed in this section. The reported activation 
energies and pre-exponential factors of xylan decomposition under HCW conditions are 
limited, and available data are inconsistent. 
 
The kinetic data of xylose and furfural decomposition under HCW conditions are not 
comparable with each other. This may be due to the large number of uncharacterised 
reactions under the experimental conditions. Most of the available kinetic parameters in the 
literature are determined in the supercritical range, and only xylose decomposition kinetics to 
furfural is available under subcritical conditions. Therefore, comprehensive studies on xylose 
decomposition under HCW conditions are required to understand the decomposition reaction 
pathways of xylose. 
At present, there is no kinetic model to explain the decomposition behaviour of xylose under 
HCW conditions. A sophisticated kinetic model considering detailed pathways of xylose to 
decomposition products would improve the understanding of decomposition behaviour under 
HCW. 
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2.5 Knowledge gaps and objectives of the thesis 
The present fundamental knowledge of reaction kinetics pathways and reaction chemistry of 
xylan depolymerisation and xylose, DHA, glycolaldehyde and furfural decomposition in the 
absence and presence of catalysts has been reviewed in this chapter. It is clear that there are 
many open questions about the reaction chemistry towards enhancing the yields and 
selectivities of furfural from hemicellulose. The knowledge gaps identified are: 
a) The depolymerisation of xylan to xylose is not fully understood in the literature, and the 
reaction mechanisms involving xylo-oligomers have been neglected in kinetic studies. 
b) There are unknown largely unspecified mechanisms and kinetics of the intermediate 
reactions that are essential for understanding the decomposition of xylose and formation of 
furfural. 
c) There is no comprehensive kinetic model available to describe the decomposition 
behaviour of xylose under sub-critical water conditions. 
d) Decomposition behaviour of DHA under HCW conditions and a thermodynamically 
consistent kinetic model to illustrate the decomposition of DHA are not available in the 
literature. 
e) Glycolaldehyde and furfural decomposition under HCW conditions have not been studied 
comprehensively, and no kinetic parameters are available in the literature.  
 
The main goal of this thesis is the elucidation of the chemical reaction mechanism and the 
determination of the critical reaction pathways that play a role during HCW depolymerisation 
of xylan.  Details of the chemistry of the HCW process will help to optimise the reaction 
42 
 
conditions to minimise the oxygen content of HCW products and to increase the yield of 
value-added chemicals. 
 
Understanding the fundamental reaction chemistry of xylan depolymerisation process and 
monomer decomposition and building complete kinetic models to describe xylan 
depolymerisation are of interest. In order to achieve these goals, specific objectives are 
proposed on the basis of the identified knowledge gaps. 
i. Investigate the depolymerisation behaviour of xylan under a wide range of conditions to 
understand the mechanism and molecular weight distribution in the depolymerisation 
process. Develop a kinetic model to describe the depolymerisation behaviour of xylan 
under HCW conditions. 
ii. Explore the reaction mechanism and reaction pathways of xylose decomposition and 
determination of a kinetic model to elucidate decomposition behaviour of xylose under 
HCW conditions. Examine the effect of reaction conditions and xylose concentration on 
the changes of reaction mechanisms and kinetics. 
iii. Establish a micro-kinetic model for DHA decomposition under HCW conditions. 
Validate of the constructed model with results in the literature. 
iv. Investigate the reactivity of glycolaldehyde and furfural under HCW conditions and 
organic acid catalysed solution. Determine the reaction pathways of furfural and 
glycolaldehyde under HCW conditions. 
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CHAPTER 3 
MICRO-REACTOR DESIGN AND EXPERIMENTAL 
METHODOLOGY 
 
Micro-reactors are ideal to study the kinetics of sugar decomposition under Sub-Critical 
Water conditions (SCW) as they provide rapid heat transfer to the reacting fluid that drives 
reactions.  With the primary objective of understanding the xylan depolymerisation, kinetics 
experiments of this thesis are carried out in three sections namely, dihydroxyacetone (DHA) 
decomposition, xylose decomposition and xylan depolymerisation. 
DHA and xylose are water-soluble compounds with very fast decompositions, i.e., completed 
within few seconds (<60s). Thus, to understand the reaction mechanisms and kinetics of 
DHA and xylose decomposition, a micro-continuous flow reactor was designed and 
constructed. Xylan is partially soluble in water, and the reaction times can range from a few 
minutes to an hour.  Construction of a micro-continuous flow reactor for xylan is not feasible 
due to these reasons, and the commercially available batch reactors consume longer heating 
up times. A batch reactor with very short heating up time was designed to overcome these 
barriers. This chapter presents the design procedure and the experimental methodology 
applied to carry out DHA, xylose and xylan reactions under SCW conditions. 
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3.1 Design and set-up of tubular flow experimental reactor system 
3.1.1 Micro tubular reactor set up 
A schematic representation of the continuous flow reactor system is presented in Figure 3.1. 
The reactor set-up is composed of one tank filled with deionised water, one tank filled with 
reactant sugar solution (by 1wt.%), two piston pumps, preheater, temperature-controlled 
oven, reactor tube, cooling tube, three pressure relief valves and one back-pressure regulator. 
 
Figure 3.1 Scheme representation of the continuous flow-type micro-channel reactor system, 
containing two feedstock tanks, two HPLC pumps, one pre-heater, one reactor, one 
temperature-controlled oven, one cooler and one backpressure regulator. The reactor system 
is designed for the operating conditions of up to 310˚C and 250 bar. 
 
Pump 1 is a Varian Prostar 218 high performance liquid chromatography (HPLC)  single-
piston pump with a maximum flow rate of 25 ml min–1 and Pump 2 is a Varian Prostar 210 
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HPLC single piston pump with a maximum flow rate of 10 ml min–1 used to deliver deionised 
water and reactant solution respectively.  Both pumps are equipped with pressure indicators 
to read the pressure in the pumps. 
The tubes used for the lines connecting to the pumps and  preheater of reactor system are of 
316 stainless steel, with internal and external diameters of 0.50 and 1.58 mm, respectively. 
The internal diameter of the tubes was calculated by two methods: (1) filling with pure water 
to measure the volume of the tube and (2) measurement of pressure drop using a pressure 
transducer. The external diameter was measured using vernier calliper.  
 
The pre-heater is a 5.5m, 316 stainless steel tube, coiled around a 5 cm tube heated by direct 
current. The power of pre-heater is provided by a TDK Lambda GEN 60-25 power supply 
(Voltage 0-60V, Current 0-25A).  
 
Three Swagelok pressure relief valves are added separately into the water delivery line, sugar 
delivery line, and cooling line to limit the maximum pressure of the system and to avoid over 
pressurisation. The thresholds of these three relief valves are set to 315, 300 and 275 bar, 
respectively.  
 
The reaction times were achieved using three separate reactors, 1m reactor for the 
experiments at short reaction time (4.5s), a 3m reactor for experiments at medium reaction 
time (7.5~10.5s), and a 6m reactor for long reaction times (15~30s). The tubes used in the 
reactor are made of 316 stainless steel, with internal and external diameters of 1.38 and 3.17 
mm, respectively. The reactor tubes are coiled around a 5 cm tube and connected with the 
pre-heater using Swagelok fittings. 
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The system is insulated by glass wool to minimise the heat loss to the environment. The wall 
temperature of the pre-heater and the water temperature at the outlet of pre-heater and the 
reactor temperature are measured with tip-sensitive K-type thermocouples as shown at T1, 
and T2 and T4 in Figure 3.1. The uncertainties of the used thermocouples and temperature 
indicators (Fluke 54ІІ) are reported to be ±0.2˚C and ±0.45˚C, respectively.  The oven 
temperature was measured using a thermocouple (T3) fixed to the oven that has an 
uncertainty of 1˚C. 
 
Water at ambient temperature with a flow rate of ~2 L min–1 is used as cooling fluid. The 
length of cooling section is calculated to be 0.5 m to reach cooling temperature of 60˚C in 
less than 1s. An extra two-meter cooling coil is added at the end of the cooling section to 
minimise any hazardous outcome and to protect the back-pressure regulator. A PEEK 
adjustable back-pressure regulator, P-880 with maximum pressure 415 bar, maximum 
temperature 100˚C (from Grace Davidson Discovery Sciences) is used to control the system 
pressure. The pH of the product samples is measured using an Oakton pH/mV/ºC meter, 510 
series. 
3.1.2 Design calculations 
Preheater 
On the basis of the enthalpy balance at the mixing point, and the known room temperature 
and reaction temperature, the desired temperature of the pre-heated water can be estimated 
from E.3.1. 
ܯௐ ∙ න ܥ݌ ∙ ݀ܶ
்ಹ
்ೃ೅
ൌ 	 ሺܯௐ ൅	ܯௌሻ ∙ න ܥ݌ ∙ ݀ܶ
்ಾ಺೉
்ೃ೅
																																																														ሺE. 3.1ሻ 
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In this equation, TH is the temperature of the pre-heated water, and TMIX is the temperature of 
the mixed flow at mixing point, TRT is room temperature, MW and MS are the mass flow rates 
of water and sugar solution, and CP is the heat capacity of water. The heat capacities of the 
sugar solution and the mixture are assumed to be equal to that of water since a very dilute 
sugar solution is used in the experiments. 
 
A heat flux of 30~50 kW m–2 across the heating tube is used to minimise the temperature 
difference between water and the wall. To maintain the heat flux in this required range, the 
length of the pre-heating tube LH is estimated by E.3.2, 
ܮு ൌ
ܯௐ ∙ ׬ ܥ݌ ∙ ்݀ܶಹ்ೃ೅
ݍ ∙ 2ߨݎு 																																																																																																												ሺE. 3.2ሻ 
where the numerator represents the gross heat load, rH is the radius of the pre-heating tube, q 
is the heat flux.  
Reactor 
The pressure drop of the tubular reactor system is assumed to be primarily from channel 
friction and calculated using Darcy–Weisbach equation, E 3.3.  
∆ܲ ൌ ஽݂ ൈ ܮ݀௜ ൈ ߩ	
ݑଶ
2 																																																																																																													ሺE. 3.3ሻ 
where di is the inside diameter of the tube, L and u are the length and the fluid velocity of the 
particular section and fD is the Darcy friction coefficient. The gross pressure drop of the 
reactor system is 10~15 bar. 
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The pressure drop ∆P of the cold sections, preheater, reactor and cooling section, were 
calculated since ∆P of those sections vary due to changing fluid properties. Understanding of 
the pressure drop across different sections enables the estimation of reaction pressure at the 
reactor. The reaction time (t) inside the reactor is calculated by E.3.4, 
ݐ ൌ ߩ்ಾ಺೉ ∙ ሺߨݎோ
ଶܮோሻ
ሺܯௐ ൅ܯௌሻ 																																																																																																																					ሺE. 3.4ሻ 
where, LR and rR are the length and radius of the reactor tube and Mw and Ms represent the 
mass flow of water and sugar, respectively and ρ୘౉౅౔ is the density of  water at reaction 
temperature. The density of the mixture is assumed to be equal to that of pure water at the 
reaction temperature.  
 
Good radial mixing in the reactor is maintained by carefully selecting the flow velocities of 
water and sugar solution in order to keep the mixed flow at transition or turbulent regimes. 
The Reynolds number (Re) was calculated assuming pure water as the reaction medium. The 
Reynolds number of the mixed flow is calculated from E.3.5, 
ܴ݁ ൌ 2 ∙ ρ୘౉౅౔ ∙ ݎோ ∙ ݑெூ௑ߤெூ௑ 																																																																																																												ሺE. 3.5ሻ 
where uMIX and μMIX are the velocity of the mixed flow and the viscosity of water at the 
temperature of mixing point (reaction temperature), respectively.  
Cooling section 
The length required to cool down the mixed flow to 60 ˚C is estimated using E.3.6, 
ܮ஼ ൌ
ߩ்ೃ೅ ∙ ሺ ௐܸ ൅ ௌܸሻ ∙ ׬ ܥ݌ ∙ ்݀ܶಾ಺೉ଷଷଷ.ଵହ
ܷெூ௑ ∙ ௠ܶ ∙ 2ߨݎ஼ 																																																																													ሺE. 3.6ሻ 
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where LC and rC are the length and radius of the cooling tube and VW and VS are the 
volumetric flow rates of water and sugar solution. Tm is the logarithmic mean temperature 
difference that is calculated from E.3.7, and UMIX is the overall heat transfer coefficient of the 
cooling tube determined from E.3.8, which is a sum of three types of thermal resistances. 
௠ܶ ൌ ሺ ெܶூ௑ െ ஼ܶௐሻ െ ሺ333.15 െ ோ்ܶሻ
݈݊	ሺሺ ெܶூ௑ െ ஼ܶௐሻ333.15 െ ோ்ܶሻ
																																																																																				ሺE. 3.7ሻ 
In equation E.3.7, TMIX represents the temperature of the mixed flow at mixing point; TRT 
corresponds to the inlet temperature of cooling water and TCW is the temperature of cooling 
water at the outlet of cooler. This temperature is calculated from the energy balance, 
assuming the heat loss during the heat exchange is negligible. 
The overall heat transfer coefficient (UMIX) is calculated as follows. In this equation, D and k 
are the thickness and the thermal conductivity of the wall of cooling tube (stainless steel), ho 
is heat transfer coefficient of the outside surface.  
ܷெூ௑ ൌ 1ቀ1݄௜ቁ ൅ ቀ
ܦ
݇ቁ ൅ ቀ
1
݄௢ቁ
																																																																																																						ሺE. 3.8ሻ 
The values of ho and k are obtained from literature data[186]; hi is the heat transfer coefficient 
of the inside surface determined using E.3.9,  
݄௜ ൌ 4280 ൈ ሺ0.00488 ൈ ൬ ெܶூ௑ ൅ 333.152 ൰ െ 1ሻݑெூ௑
଴.଼݀௜଴.ଶ																																													ሺE. 3.9ሻ 
where uMIX and di are the velocity of the mixed flow and the inside diameter of the tube.  
The reaction time should be controlled accurately; hence the quench time should be minimal 
to reduce the error due to cooling. Time taken for cooling was calculated at each reaction 
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condition to make sure that the time is <1s, and the corresponding reaction time error induced 
by the effect of cooling time was calculated to be <3%. 
 
The water and sugar flowrates used in the experiments for different temperatures were 
calculated from the above equations, and the corresponding Reynolds numbers (Re) were 
calculated to understand the flow motion in the reactor. The Re and the volumetric flow rates 
of water and reactant solution in each experiment are presented in Table 3.1. 
 
Table 3.1 Volumetric flow rates of water and reactant solution (in ml min–1) and 
corresponding Reynolds number at different reaction times (s) and temperatures (˚C)  
Reaction 
Time 
Water flow Reactant flow Reynolds number 
Temperature Temperature Temperature 
 220 240 260 280 220 240  260  280 220 240 260 280 
2.4 24.3 23.5 23.0 21.9 4.86 4.7 4.6 4.38 3554 3758 3998 4127 
3.5 18.1 17.5 17.0 16.3 3.62 3.5 3.4 3.26 2647 2798 2955 3072 
4.6 13.9 13.5 13.0 12.5 2.78 2.7 2.6 2.5 2033 2158 2260 2356 
7.9 24.3 23.5 23.0 21.9 4.86 4.7 4.6 4.38 3554 3758 3998 4127 
10.5 18.1 17.5 17.0 16.3 3.62 3.5 3.4 3.26 2647 2798 2955 3072 
13.8 13.9 13.5 13.0 12.5 2.78 2.7 2.6 2.5 2033 2158 2260 2356 
15.3 24.6 24.4 23.5 22.6 4.92 4.88 4.7 4.52 3598 3902 4085 4259 
20.7 18.55 18 17.4 16.7 3.71 3.6 3.48 3.34 2713 2966 3025 3147 
24.1 15.95 15.5 14.9 14.4 3.19 3.1 2.98 2.88 2333 2550 2590 2714 
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3.1.3 Experimental procedure 
Fresh reactant (DHA, xylose etc.) solutions of required concentrations were prepared for each 
set of experiments. Each experiment was repeated in triplicate to identify the reproducibility 
of the data. Each repeat experiment was conducted with a fresh reactant solution, and reaction 
times and temperatures were randomly selected to minimise effects of sequential 
experiments. As soon as the samples were collected, pH measurements were carried out at 
room temperature. The samples were analysed in the HPLC with repeated runs, and the 
average of the measurements were taken for calculations. 
 
Reactor operating procedure 
Initially, the required flow of deionised water (Table 3.1) was delivered through Pump 1 from 
the water tank and heated to the desired temperature as it passed through the pre-heater. The 
supplied power (P) was controlled by adjusting the electric current (I) and voltage (V) of pre-
heater to achieve the desired temperature at T2 in Figure 3.1.  
 
The corresponding flow of sugar solution at room temperature (~20-25˚C) and 200 bar was 
pumped by Pump 2 and mixed with the pre-heated water at the inlet of the reactor tube. The 
ratio of water and sugar solution flow rates were set to 5:1 to allow  instantaneous heating of 
the sugar solution to the reaction temperature.  
 
Mixing of the two flows was achieved instantaneously (~10 ms) by contacting them at a 
relatively high superficial velocity (>0.1ms–1) in a 30 µl tee mixer. The mixture was then 
delivered to the reactor tube which stayed inside a temperature-controlled oven to maintain 
isothermal conditions.  
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Then the mixture passed through the reactor to achieve the required reaction time. The 
reactor temperature (T3) and oven temperature (T4) were measured using thermocouples. The 
isothermality of the reaction was monitored by checking the temperatures at T3T4 as shown in 
Figure 3.1.  
 
The reaction was assumed to be isothermal when the temperature difference between these 
two measurements fell within 2˚C. The reactions were rapidly quenched by cooling down the 
flow to less than 60˚C in the cooling section with 2L min–1 cooling water flow. Minimal 
cooling time was required to achieve accurate reaction time estimation for kinetic analysis. 
The reactor system pressure was controlled within 200-205 bar using the back-pressure 
regulator. The liquid product samples were taken downstream of the backpressure regulator.  
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3.2 Design and set-up of batch experimental reactor system 
3.2.1 Batch reactor set-up 
 
 
 
 
 
 
 
 
 
 
Figure 3.2 Scheme representation of the batch reactor system, containing a 12.7mm outer 
diameter reactor in a sand bath. The reactor system is designed for the operating conditions of 
up to 350˚C and 200 bar. 
 
A schematic representation of this reactor system is presented in Figure 3.2. Standard N2 
cylinder of 200 bar was used to pressurise the reactor. Three pressure indicators were used to 
measure the pressure of the N2 cylinder and reactor. The set-up was equipped with two check 
valves, two ball valves and two needle valves to control the pressure in the reactor system. 
The quick connection was used to connect and disconnect the reactor from the N2 cylinder. 
For the batch reactions, a small autoclave reactor of 316 stainless steel with Swagelok fittings 
was used. The length of the reactor was 250 mm, outer diameter of 12.7 mm and internal 
diameter 8.48 mm. The tubes used in the rest of the set-up were with internal and external 
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diameters of 3.04 and 6.35 mm, respectively. Temperature inside the reactor was measured 
with tip-sensitive K-type thermocouple (T1). The uncertainties of the used thermocouples and 
temperature indicators (Fluke 54ІІ) were reported to be ±0.2˚C and ±0.45˚C, respectively. A 
Swagelok pressure relief valve was added separately to limit the maximum pressure of the 
system to 225 bar as shown in Figure 3.2. 
   
The reactor was heated in a fluidised sand bed (sand particles of dp = 250 µm, u/umf = 2 ms–
1), which was placed in a temperature-controlled oven, where u is the velocity of the air in the 
fluidised bed oven in ms–1, umf is minimum fluidisation velocity and dp corresponds to 
particle diameter in the fluidised bed oven. A thermocouple was located inside the reactor 
(T1), and another one was placed in the fluidised sand bed (T2).  
 
The heating-up time to obtain reaction temperature inside the reactor was measured with 
thermocouples T1 and T2 and was estimated to be 2 min. Figure 3.3 presents the temperature 
profile with time inside the reactor as well as in the sand bath. 
 
Figure 3.3 Measured temperature trajectories inside the batch reactor 
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3.2.2 Experimental procedure 
Experiments were carried out between 150-260˚C and 2-60 min for xylan depolymerisation 
under SCW conditions in the batch reactor. Each experiment was repeated in triplicate to 
measure the reproducibility of the data. Each repeat experiment was conducted with a fresh 
reactant solution, and reaction times and temperatures were randomly selected to minimise 
effects of sequential experiments. As soon as the samples were collected, pH measurements 
were carried out at room temperature. The samples were analysed in the HPLC with repeated 
runs, and the average of the measurements were taken for calculations. 
 
Reactor operating procedure 
First, the reactor was filled with 10 ml of 0.5 wt.%  xylan solution and sealed with a 
Swagelok fitting. The used volume of reactant was approximately 60% of the reactor volume, 
and the head space allowed for expansion of the liquid while heating. Then, the reactor 
pressure was set to 90 bar using the needle valve at the N2 cylinder.  
 
Hereafter the reactor was disconnected from the N2 cylinder placed inside the preheated sand 
bath and was kept shaking for the desired reaction time. The reactor was rapidly heated by 
high-temperature fluidised bed to the desired reaction temperature. The airflow to the sand 
bath was also controlled to obtain the required rate of fluidisation. The sand bath mixing 
speed and reactor shaking rate have positive effects on the rate of heating-up and the reactor 
reached the desired temperature in 2 minutes. 
 
The temperature and pressure of the reactor was measured at constant intervals (every 1 
minute) to ensure the reaction mixture temperature remained at the desired temperature.  
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With increasing temperature,  the pressure of the reactor increased from 90 bar to a maximum 
of 150 bar due to the formation of water vapour. Because diluted solutions of 0.5 wt.% 
reactant were used; the pressure inside the reactor at the reaction temperature was estimated 
by assuming that it was only generated by water vapour. 
 
After the required reaction time was reached, the reactor was cooled down immediately by 
ice water to 20˚C. The cooling time was approximately 20s. Therefore, the reaction time 
deviation due to cooling was <10%.  
 
Then the reactor was taken out of the cooling bath, and pressure was reduced to ambient 
using the needle valve and the samples were collected. The experiments were repeated in a 
random manner to obtain statistically robust data at each experimental condition. 
 
3.3 Analytical methodology 
3.3.1 Apparatus and standards 
Identification of products was carried out using a Gas Chromatography/Mass Spectrometry 
(GC/MS) system. For GS/MS analysis, a Shimadzu model 2010 series GC equipped with 
model QP 2010 ultra-mass selective detector was used.  The product solutions were separated 
on VF-WAXms, 30m, 0.25mm, 0.25µm column (cross-linked polyethylene glycol) for water-
soluble compounds with polar functional groups (-OH,-C=O,-COOH) using helium as 
carrier.  
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Aqueous species “before and after” reactions were quantified using a Varian Prostar High 
Performance Liquid Chromatography (HPLC) equipped with a UV Di array detector (Varian 
Prostar 356-LC) and Evaporative Light Scattering Detector (ELSD, Varian Prostar 385-LC). 
Standard chemicals used for the calibration were obtained from Sigma-Aldrich.   They were 
xylan (99% xylose from beechwood), xylose (99%), xylulose (99%), 5-HMF (99%), furfural 
(98%), glyceraldehyde (98%), dihydroxyacetone (97%), methylglyoxal (40wt.% solution), 
glycolaldehyde (dimer, 98%), lactic acid (90%), glycolic acid (98%), succinic acid (99%), 
acetic acid (99.7%) and formic acid (98%), propionic acid (99%),  and Dextran standards of 
molecular weight  between 210000-165000 g mol–1,147,600-100,300 g mol–1, 80000-65000 g 
mol–1, 50000-35000 g mol–1, 25000-20000 g mol–1, 12000-8000 g mol–1, 5200-3300 g mol–1, 
1270-1010  g mol–1 and polyethylene glycol  standards of molecular weight between 620-580 
g mol–1   and 315-285 g mol–1. 
 
3.3.2 Product identification and quantification  
The GC/MS identification of compounds was made with total ion chromatograms with the 
aid of NIST library as well as a comparison of GC retention times of products and standard 
compounds. 
 
A set of mixed solutions of the standard chemicals with known concentrations was used to 
calibrate the response of detectors in HPLC. Triplicates were run for each sample in order to 
estimate the uncertainty associated with the HPLC system. The calibration curves of the 
different compounds are presented in Appendix A. The analytical error, including the 
deviations of HPLC measurements of the replicates and measurement errors involved with 
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preparation of the standards and dilutions, was estimated to be ~4% by calculating the 
differences between HPLC measurements and errors in scales and transfer pipettes. The 
different methods used for calibration of sugars, xylo-oligomers, acids and aldehydes are 
described in the following section. 
 
3.3.2.1 Calibration of sugars and xylo-oligomers 
Xylose, glucose, fructose, and xylulose were separated by a Metacarb 87P column with ELS 
detector. HPLC grade millipore water was used as the mobile phase with a flow rate of 0.4 ml 
min–1. The operation temperature of this column was 75˚C, and the injection volume was 10 
µl. Figure 3.4 presents one of the chromatograms of sugar standards used for calibrations 
with very clear separation of the peaks. The detection limit for sugar standards was 30 ppm. 
 
Figure 3.4 Typical HPLC chromatogram sugar standards on Metacarb 87P column with 
ELSD detector  
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A Gel Filtration Column PL aquagel-OH and ELS Detector were used for separation and 
quantification of xylo-oligomers of different molecular weight ranges. The eluent was 
millipore water with a flowrate of 1.0 ml min–1. The operation temperature of this column 
was 35˚C with an injection volume of 50 µl.  
 
3.3.2.2 Calibration of acids and aldehydes 
A Hi Plex H+ column and UV/Di array detector were used for the separation and 
quantification of furans, acids and aldehydes. The eluent was 0.04 M H2SO4 with a flow rate 
of 0.5 ml min–1. The HPLC column was operated at 65˚C. Formic acid, acetic acid, lactic 
acid, succinic acid, glycolic acid, propenoic acid, erythrose and glyceraldehyde were 
quantified using a UV wavelength of 210 nm with an injection volume of 100 µl. Figure 3.5 
presents one of the chromatograms on UV 210nm with good separation for acids and 
aldehydes. The detection limit for standards was 20 ppm. 
Figure 3.5 Typical HPLC chromatogram of acids and aldehydes standards on Hi-Plex H+ 
column with UV detector at a wavelength of 210 nm 
10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25
Retention time (minutes)
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formic acid
lactic acid
glycolic acid
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Glycolaldehyde, dihydroxyacetone, methylglyoxal were quantified using a UV wavelength of 
280 nm with injection volume 100µl.  Using UV wavelength of 280 nm with an injection 
volume of 10µl, 5-HMF and furfural were quantified. Figure 3.6 shows a typical 
chromatogram on UV 280 nm wavelength for the standards mixture of above-mentioned 
standards. 
 
Figure 3.6 Typical HPLC chromatogram of aldehyde standards on Hi-Plex H+ column with 
UV detector at a wavelength of 280 nm 
 
3.4 Conversion yields, selectivities and carbon balance 
The reactant conversion, product yield and product selectivities are calculated as per the 
following equations: 
Conversion 
ܺ	 ൌ 	 ሾሺC଴,୰ െ C୰ሻ/	C଴,୰ሿ ∙ 100																																																														                         ሺE3.10ሻ	
10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52 54 56 58 60
Retention time (minutes)
glycolaldehyde
methylglyoxal
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5-HMF
furfural
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where X corresponds to the conversion of reactant, C0,r represents a concentration of reactant 
at time t=0, and Cr  is  concentration of reactant after reaction. For DHA and xylose 
experiments, X was calculated in % mol mol–1, and the concentrations were measured in mol 
L–1. For the calculations with xylan experiments, X was in % g g–1, and the concentrations 
were measured in g L–1. 
 
Yield 
௖ܻ,௜ 	ൌ ሾሺ ௖ܰ,௜ ∙ ܥ௜	ሻ/ሺ ௖ܰ,௥ ∙ ܥ௢,௥	ሻሿ ∙ 100                 ሺE	3.11ሻ	
The above equation presents the carbon yield of species, Y, Nc, i  and Nc, r  represent the  
number of carbon atoms per molecule of the compound and number of carbon atoms per 
reactant,  respectively. Ci corresponds to the concentration of species i after reaction. For 
DHA and xylose experiments, Y was calculated in % mol mol–1, and the concentrations were 
measured in mol L–1. For the calculations with xylan experiments, Y was in weight basis 
without considering the number of carbon atoms; % g g–1 and the concentrations were 
measured in g L–1. 
 
Selectivity 
Sୡ,୧ ൌ ሾܥ௜ ሺܥ௢,௥ െ ܥ௥ሻ⁄ ሿ ∙ 100                                                                                ሺE	3.12ሻ	
In equation E 3.12, S corresponds to selectivity of species, C0,r  represents a concentration of 
reactant at time t=0, and Cr  is  concentration of reactant after reaction. For DHA and xylose 
experiments, S was calculated in % mol mol–1, and the concentrations were measured in mol 
L–1. For the calculations with xylan experiments, S was in % g g–1, and the concentrations 
were measured in g L–1. 
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3.5 Kinetic calculations and modelling 
3.5.1 Calculation of kinetic parameters 
The reaction rates, activation energy (Ea) and pre-exponential factor (A) of reactants under 
SCW condition, between 200˚C and 300˚C were calculated assuming first-order kinetics. 
 ܮ݊ሺ1 െ ܺሻ ൌ െ݇ݐ                                                                                                        ሺE3.13ሻ	
In this equation, ܺ is equal to reactant conversion, k corresponds to first-order reaction rate 
constant (in s–1 or min–1) and t equals reaction time (in s or min), respectively. 
Conversion of reactant for different reaction times for a particular temperature was 
calculated, and then by plotting Ln (1–X) versus reaction time (t), the kinetic parameter k was 
determined for xylose decomposition for different temperatures. The k value is obtained from 
the gradient of the curve. 
 
The integral form of the Arrhenius equation was used to calculate the activation energy and 
the pre-exponential factor. 
ܮ݊݇ ൌ െEୟ RT	⁄ ൅ 	lnA                                                                                                 ሺE	3.14ሻ	
where k is the rate constant (in s–1 or min–1), A and Ea represents the pre-exponential factor 
(in s–1 or min–1) and Activation energy (in kJ mol–1), and R  and T are  gas constant (in kJ 
mol–1K–1) and  reaction temperature (in K). 
 
The obtained k values from E 3.13 at different temperatures were plotted against (1/T) in 
equation E3.14; from the gradient and intercept of the line activation energy and pre-
exponential factor were estimated. 
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3.5.2 Global parameter optimisation for kinetic modelling 
The kinetic features of chemical reactions are studied in order to elucidate the mechanism of 
the reactions, understand yield of products and to identify reactivity of the species taking part 
in the reactions. The tunable parameters were activation energies (Ea) and the pre-exponential 
factors (A) for the decomposition.  
 
The magnitude of the Ea and A were approximated from literature for some reactions and 
were used as a starting point. Then, optimisation of these parameters  was  carried out in 
order to adequately fit the computed curves to the experimental values, at each temperature 
and reaction time of the experiments, using Excel’s Solver function  to calculate the 
minimum sum of the squares of the deviations of the experimental and modelled 
concentrations of reactant and product species.  
 
In order to tune the parameters of the model, a standard mathematical procedure was 
applied[187],  where x is the vector of tunable parameters (Ea and A), P (t, x) is the matrix of 
computed species concentrations at selected points along the reaction conditions coinciding 
with the measurement locations, and  ܲ^(t) is the corresponding matrix of measured 
concentrations.  
 
The error between the experimental and computed variables for each element in the matrix is 
calculated as per equation E3.15, 
݁ሺ௧,࢞ሻ ൌ ܲ^ሺݐሻ െ ܲሺݐ, ࢞ሻ																																																																																																						ሺE	3.15ሻ  
The performance measure is taken to be a weighted average of the individual errors, over 
time, all variables and all experiments. The resulting performance measure is as follows. 
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ܵ	ሺ࢞ሻ ൌ 	෍ ௜ܹ
ହ
௜ୀଵ
∙෍ 	ሺܲ^ሺݐሻ െ ܲሺݐ, ࢞ሻሻଶ																																																																					ሺE	3.16ሻ									
௧
௧ୀ଴
 
ܵ	ሺ࢞ሻ is an overall measure of the relative error between experimental and computed data 
over all experiments. The weights (Wi) scale the contribution of each error quantity in the 
performance measure. 
 
 
It was considered that different values of reactant and product concentrations (yi) have 
different level of uncertainty. This is referred to as weighted least squares method because 
more certain points are given the more weight than the less certain points. Since different 
values of yi have different uncertainties, it is best practice to force the least squares curve to 
be close to more certain points than the less certain points.  Therefore, the uncertainties of yi 
were computed according to the accuracy of the HPLC measurements. 
 
For each experiment, two HPLC runs were carried out, and each experiment was repeated. 
Therefore, each experimental point consists of four measurements. The percentage deviation 
of the measurements was calculated, and weights were allocated, according to Table 3.2. 
 
Table 3.2 Weights assigned for the concentration as a coefficient of percentage difference of 
the measurements 
Percentage difference of HPLC  
measurements 
Weight 
0-2 5 
2-4 4 
4-6 3 
6-8 2 
8-10 1 
>10 0.5 
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3.6 Summary 
This chapter provided the fundamentals of the design calculations, analytical techniques and 
kinetic modelling techniques used in this thesis. In the following sections, the experimental 
results of SCW decomposition of DHA, xylose and xylan will be presented, and kinetic 
modelling analysis is enclosed in the corresponding chapters. 
 
 
 
 
 
 
 
 
 
 
 
 
66 
 
 
 
 
CHAPTER 4 
KINETICS OF DIHYDROXYACETONE DECOMPOSITION 
UNDER SUB-CRITICAL WATER CONDITIONS 
 
Carbohydrate decomposition under Sub-Critical Water (SCW) conditions produces a 
complex mixture of oxygenates among which dihydroxyacetone (DHA) is formed through 
retro-aldol condensation of monomeric sugars. Decomposition of DHA is studied here to get 
insight into the chemistry of carbohydrate-derived products under SCW conditions. This 
chapter presents experimental and chemical kinetic modelling results in a range of conditions 
to improve understanding sugar decomposition for biomass processing. A new kinetic model 
based on the experimental results as well as thermodynamic properties of the species 
obtained from literature and quantum chemical calculations undertaken in this study are used 
to propose a thermodynamically consistent model.  
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4.1 Methodology  
Details of the reactor systems used in this study and the analytical equipment used for 
analysis of product samples are given in Chapter 3. Products of reaction are identified and 
quantified using HPLC. An outline of the methodology is as follows.  
 
Processing of aqueous solutions containing DHA under SCW conditions resulted in a 
colourless to brown solution. Neither polymerisation nor gaseous products were observed 
during the reactions. Identification of the aqueous products was carried out using the GC/MS 
methodology described in Chapter 3.  
 
The liquid samples contained, in addition to DHA, a mixture of low molecular weight acids 
and aldehydes, such as glyceraldehyde, glycolic acid, lactic acid, acetic acid and 
methylglyoxal. Quantification of the DHA and products of reactions was carried out using a 
HPLC with a UV detector, as described in Chapter 3.  
 
Figure 4.1 shows typical HPLC/UV chromatograms, at wavelength 210 nm and 280 nm, of 
aqueous DHA after processing at 280˚C, 200 bar and 20s. Glyceraldehyde and glycolic, lactic 
and acetic acids were well separated at 210 nm at retention time of 14.8, 15.8, 16.6, 19.1 
minutes, respectively, as shown in Figure 4.1a. Methylglyoxal and DHA were quantified at 
280 nm at retention times of 15.7 and 16.9 minutes, respectively.  
 
The peaks at 8.5 minutes were due to the solvent used in the mobile phase. A peak at ~14.9 
minutes was visible but could not be identified. The carbon balance in our experiments was 
100 ± 5% under all conditions. This will be shown in Section 4.14. This suggests that this 
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peak corresponds to a chemical species with low concentration and the conclusion of the 
following analysis will not be affected by this peak. 
  
 
Figure 4.1 Typical UV responses at wavelength 210nm and 280nm in an HPLC 
chromatogram using Hi-Plex H+ column of DHA decomposition samples at 280˚C, 200 bar 
and 20s 
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4.2 Results  
4.2.1 DHA conversion 
Aqueous solutions containing 0.01 mol L–1(M) of DHA were treated with reaction times 
between 2 and 25 s at 200 bar and at a constant temperature. Figure 4.2 shows the conversion 
of DHA obtained in DHA solutions that were treated at 220˚C, 240˚C, 260˚C and 280°C. 
There was an increase in DHA conversion as the temperature of reaction increases. The DHA 
conversion was 35 % at 220˚C in 24 s, whereas at 280˚C and 24 s, over 90% of the DHA was 
converted to products. Previous experimental results obtained in continuous flow reactors 
showed that the reaction time for reaching 50% DHA conversion was ~0.4s at 400˚C, 350 bar 
and ~0.8s at 350˚C 400 bar.[130] The C3 intermediates, such as DHA, derived during the 
decomposition of monosaccharides converted to secondary products at short reaction times 
(<25s) under SCW conditions. 
 
Figure 4.2 Conversion of 0.01M of DHA as a function of reaction time and reaction 
temperature at a constant pressure of 200 bar in a tubular flow reactor 
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The effect of initial concentration on the conversion of DHA was analysed by increasing the 
initial concentration from 0.01M up to 0.05 M. No gaseous products or polymerisation was 
observed even at 0.05M. The concentration had an insignificant effect on the rate of 
conversion of DHA. For example, the system achieved 50% conversion at 280˚C in 8±0.5 
seconds, for 0.01 M, 0.02 M, and 0.05 M initial DHA concentration. 
 
 
The DHA conversion data were generally consistent with a first-order reaction of DHA, that 
is, the relative rate of DHA disappearance being independent of concentration. Figure 4.3 
shows a log-linear relationship between the unreacted DHA and the reaction time at 0.01 M. 
The first-order rate constant (k) of DHA conversion at 220˚C, 240˚C, 260˚C and 280˚C from 
the linear regression in Figure 4.3 were calculated to be k = 0.013 s–1, k = 0.026 s–1, k = 0.047 
s–1 and k =0.096 s–1, respectively. The rate of reaction nearly doubles by a 20˚C increase in 
the temperature of reaction. The apparent activation energy (Ea) and the pre-exponential 
factor (A) deduced following the Arrhenius expression k = A exp (–Ea/RT) were 75 kJ mol–1 
and 1.08 × 106 s–1, respectively. 
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Figure 4.3 Pseudo first-order kinetics of the disappearance of DHA under Sub-Critical Water 
conditions at an initial concentration of 0.01 M  
 
Figure 4.4 presents a comparison of the kinetic data deduced from our experimental work 
with published kinetic data of DHA decomposition under sub-critical and super-critical 
conditions. The solid line in the figure refers to the Arrhenius fitting of our experimental data 
determined from least-squares minimisation, and the dotted lines refer to a 95% confidence 
interval of the linear fitting. The literature data selected for this comparison was that obtained 
from Kabyemela et al. [130] obtained at near-critical water conditions. As shown in Figure 
4.4, our measured rate constant under subcritical conditions (between 220˚C and 280˚C) 
seems to extrapolate linearly with the rate measured at near critical conditions (between 
300˚C and 400˚C), suggesting that the DHA decomposition follows similar reaction pathways 
under sub-critical and near-critical conditions. 
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Figure 4.4 Arrhenius plot of available rate constants of DHA decomposition under 
subcritical and near critical conditions. The solid line in the figure refers to the Arrhenius 
fitting of all the experimental data and the dotted lines refer to a 95% confidence interval of 
the fitting. 
 
4.2.2 Product distribution 
The products observed after DHA treatment under SCW conditions were glyceraldehyde 
(Gle), methylglyoxal (Meth), acetic acid (Aa), glycolic acid (Gly), and lactic acid (La). 
Figure 4.5 presents the yields of the products as a function of reaction time at 220˚C, 240˚C, 
260˚C and 280˚C. The yield of DHA was included to have a better understanding of the 
carbon balances obtained. The balance of the species shown in Figure 4.5, accounts for 100 ± 
5% of the carbon in solution at all temperatures.  
 
A major product formed due to SCW treatment of DHA was methylglyoxal. The yield 
increased with increasing reaction time at constant temperature, except at 280˚C after 10 
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seconds where a small decrease was observed. The decrease in methylglyoxal yield suggests 
transformation of methylglyoxal to other products at 280˚C. The maximum yields were 25%, 
35%, 40% and 40% at 220˚C, 240˚C, 260˚C, and 280˚C, respectively.  
 
The second most abundant product was glyceraldehyde. The yield increased with increasing 
reaction time and temperature. The maximum yields were 8.2%, 14.8%, 24.0%, and 20% at 
220˚C, 240˚C, 260˚C and 280˚C. At 280˚C the yield of glyceraldehyde remains relatively 
constant at 20% after 16s. 
 
Glycolic and acetic acids were observed at all reaction times and all temperatures. Their 
combined maximum yields were 2.6%, 5.6%, 10%, and 5% at 220˚C, 240˚C, 260˚C and 
280°C respectively. Lactic acid was observed to appear after 16s at 280˚C, reaching a 
maximum yield of 20% at 24 seconds. The increase in lactic acid yield coincided with a 
significant reduction in the yield of methylglyoxal, suggesting a pathway of lactic acid 
formation via methylglyoxal. At the same time, a small decrease in the yield of acetic acid 
was observed, suggesting a deviation in the reaction pathway observed at temperatures lower 
than 280˚C. The increase in lactic acid yield was approximately the same as the decrease 
obtained in the yield of methylglyoxal and acetic acid.  
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220˚C 240˚C 
260˚C 280˚C 
  
Figure 4.5 Carbon yields of species as a function of reaction time of 0.01M DHA aqueous 
solution treated at varies temperatures at 200 bar in flow reactor system 
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The selectivity of products against the conversion of DHA is presented in Figure 4.6 at 
280˚C. This condition was selected because the formation of lactic acid was observed only at 
this temperature. It was observed that the selectivity of all products followed a straight line 
with respect to DHA conversion. The selectivity of methylglyoxal and glyceraldehyde 
decreased with respect to DHA conversion due to the rapid transformation into the organic 
acids. The extrapolated straight lines for methylglyoxal, glyceraldehyde and glycolic acid 
gave positive selectivities at zero DHA conversion. The linear extrapolation for acetic  and 
lactic acid gave DHA conversions which were nearly zero. Following the rules of the delplot 
technique[188], Figure 4.6 indicates that glyceraldehyde, methylglyoxal and glycolic acid 
were primary products, while acetic and lactic acids were secondary products in the DHA 
decomposition
 
Figure 4.6 Selectivity of products of reaction as a function of conversion of an aqueous 
solution of DHA at 280˚C and 200 bar, Closed symbols represent 0.01 M and open symbols 
represents 0.05M  Initial DHA concentrations  
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To understand the mechanism of acetic and lactic acids formation during DHA 
decomposition, similar experiments were carried out with methylglyoxal under SCW 
conditions. The product distributions of methylglyoxal decomposition experiments are shown 
in Figure 4.7. 
240˚C 260˚C 
280˚C  
 
 
Figure 4.7 Carbon yields of species as a function of reaction time of 0.01M methylglyoxal 
aqueous solution treated at varied temperatures at 200 bar in flow reactor system 
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 The studies confirmed that acetic acid and lactic acid were produced from decomposition of 
methylglyoxal under SCW conditions with some other unidentified products (Oth). It was 
also seen that at 240˚C and 260˚C acetic acid was the main identified product, and at 280˚C, 
lactic acid became the main product with increasing reaction time. This is a similar 
occurrence to DHA decomposition under SCW. Therefore, a similar behaviour of 
methylglyoxal can be assigned with DHA decomposition, generating both acetic acid and 
lactic acid.  
 
4.3 Kinetic model of DHA decomposition 
4.3.1 Reaction pathways 
A new reaction mechanism for DHA decomposition under SCW conditions was proposed 
based on the experimental observations and literature information. The proposed reaction 
scheme accounts for all the intermediates identified and quantified under the present 
experimental conditions.  
 
The monomeric keto form of DHA may lead to some transformation into glyceraldehyde via 
a keto-enol tautomerisation. The equilibrium of the tautomerisation reaction seems to favour 
the DHA formation. DHA and glyceraldehyde decompose to methylglyoxal. It was proposed 
that glyceraldehyde decomposes to methylglyoxal via β-dehydration,[189] whereas 
methylglyoxal from DHA is formed  through α-elimination.[189] Hydration of DHA might 
lead to fragmentation and formation of methanol and glycolic acid. Methylglyoxal 
decomposes to acetic acid due to hydration and fragmentation, whereas lactic acid is formed 
via mono hydration and hydride shift of methylglyoxal. In this mechanism, the formed 
methanol and formaldehyde could not be quantified in the measured liquid products using the 
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HPLC methods. However, they were detected with the GC/MS analysis (Appendix C). Figure 
4.8 illustrates the proposed reaction mechanism. 
Figure 4.8 Proposed hydrothermal conversion route of DHA to decomposition products 
 
4.3.2 Kinetic model development 
The kinetic model of DHA decomposition was developed based on the mechanism of 
reaction proposed in section 4.2.1. The parameters of the rate of reaction were obtained from 
a combination of first-principles molecular modelling techniques, literature data and 
numerical optimisation procedures.  
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The kinetic approach started with estimations of the Gibbs free energy of formation of the 
species in aqueous phase (∆௙ܩሻ௔௤. Data for formation enthalpy in gas phase ሺ∆௙ܪሻ௚ and 
entropy in gas phase ௚ܵ was collected from literature for acetic acid, methanol and 
formaldehyde.[160]  
 
For the other species, the ሺ∆௙ܩሻ௔௤ was estimated by calculating the enthalpy of formation in 
gas phase at 1 atm standard state (∆௙ܪሻ௚ using static density functional calculations at the G4  
level of theory, and adding the required entropy in gas phase ௚ܵ and Gibbs energy of 
solvation (∆௦ܩሻ, obtained using the implicit solvation model SMD.[190] They were 
determined for all species using the B3LYP/6-311++G (d,p) basis set on the equilibrium 
configurations in the gas phase. [190][189]185-187 Table 4.1 presents theሺ∆௙ܪሻ௚, ሺܵሻ௚, and  
∆௦ܩ for all species. This calculation was performed by a group member, Dr. Xiao Liang, and 
Table 4.1 presents the values provided from those calculations. 
 
Table  4.1 Standard enthalpy of formation, standard entropy and standard Gibbs energy of 
solvation of the species in DHA decomposition at 298.15 K and 1 atm 
Species ሺ∆ࢌࡴሻࢍ 
(kcal mol–1) 
ࡿࢍ 
(cal mol–1K–1) 
∆࢙ࡳ 
(kcal mol–1) 
DHA -124.0 82.38 -8.5 
Glyceraldehyde -121.8 79.21 -7.8 
Methylglyoxal -65.5 75.56 -2.9 
Glycolic acid -138.0 73.30 -7.4 
Lactic acid -141.9 80.97 -6.9 
Acetic acid -103.5 67.6 -6.7 
Methanol -47.8 57.3 -5.1 
Formaldehyde -27.7 52.3 -0.7 
80 
 
The Gibbs free energy of formation in gas phase was calculated at standard conditions 298.15 
K and 1 atm using the enthalpy ∆௙ܪ௚ and entropy changes ∆ ௚ܵin E 4.2, where T is the 
temperature. 
∆௙ܩ௚ ൌ ∆௙ܪ௚ െ ܶ∆ ௚ܵ																																																																																																												ሺE	4.2ሻ  
The molar Gibbs free energy in gas phase, ∆௙ܩ௚,ଵ୑ was calculated from the Gibbs free 
energy in the gas phase at 1 atm standard state, ∆௙ܩ௚, and the ratio of concentrations (Q) as 
appearing in the equilibrium constant evaluated with all species at their standard-state 
concentration. 
∆௙ܩ௚,ଵ୑ 	ൌ 	∆௙ܩ௚ 	൅ 	RTlnሺQ1M	/	Q1atmሻ                                                                   ሺE	4.3ሻ  
 where R (cal mol–1 K–1) is the gas constant and T is temperature.  
The Gibbs free energy of formation in solution with a 1 molar (1M) standard-state basis was 
calculated using the change in Gibbs free energy in the gas phase, ∆௙ܩ௚,ଵ୑, corrected by the 
differential Gibbs free energy of solvation ∆௦ܩ.  
∆௙ܩ௔௤ ൌ ∆௙ܩ௚,ଵ୑ ൅ ∆௦ܩ																																																																																																							ሺE	4.4ሻ	 
After calculating the Gibbs free energy of formation, the reaction Gibbs free energy for each 
reaction was calculated as follows, using equation 4.5, where ∆௙ܩ௉,௔௤ is the aqueous phase 
formation Gibbs free energy of products and ∆௙ܩோ,௔௤ is the aqueous phase formation Gibbs 
free energy of reactants. In this model, the ∆௥ܩ௔௤ under SCW conditions are assumed to be 
equal to those at 298.15K due to the unclear effects of solvent at high temperature and high 
pressure on the aqueous phase reaction thermodynamics. 
∆௥ܩ௔௤ ൌ ∆௙ܩ௉,௔௤ െ ∆௙ܩோ,௔௤																																																																																																		ሺE	4.5ሻ 
The equilibrium constant of each reaction (ܭ௘) at constant temperature (T) was calculated 
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using the Gibbs free energy of reaction (∆ܩ௥) following equation E4.6. The rate constant in 
the forward direction of each reaction (݇௙) is expressed in the Arrhenius form following E4.7, 
where Ea and A are the activation energy and the pre-exponential factors. The reverse rate 
constant of each reaction (݇௥) was calculated using ܭ௘ and ݇௙ following E4.8.   
ܭ௘ ൌ exp	ሺ∆௥ܩ௔௤/ܴܶሻ         ሺE	4.6ሻ 
݇௙ ൌ ܣ	expሺെܧ௔/ܴܶሻ          ሺE	4.7ሻ	
݇௥ ൌ ݇௙/ܭ௘          ሺE	4.8ሻ	
Initially assigned pre-exponentials and activation energies for ݇௙ were refined through linear-
square minimisation using the experimental data in the temperature range of 220˚C–280˚C. A 
number of initial values of ܧ௔ and ܣ were used, resulting in the same set of experimental 
kinetic parameters.  
In total, nine species are used to describe the kinetic model. These species are water (H2O), 
DHA, Gle, Meth, Aa, Fo, Gly, Me and La. The developed kinetic model consists of six 
reversible reactions which are listed in the following section. 
ܦܪܣ ௞భ೑ርሮ ܩ݈݁ (R 4.1) 
ܩ݈݁ ௞మ೑ርሮܯ݁ݐ݄ ൅ ܪଶܱ  (R 4.2) 
ܦܪܣ ௞య೑ርሮܯ݁ݐ݄ ൅ ܪଶܱ  (R 4.3) 
ܯ݁ݐ݄ ൅ ܪଶܱ
௞ర೑ርሮ ܣܽ ൅ ܨ݋ (R 4.4) 
ܯ݁ݐ݄ ൅ ܪଶܱ
௞ఱ೑ርሮ ܮܽ  (R 4.5) 
ܦܪܣ ൅ ܪଶܱ
௞ల೑ርሮ ܩ݈ݕ ൅ ܯ݁  (R 4.6) 
The differential equations derived from the reactions R4.1- R 4.6 are as follows.  
ܥሶ஽ு஺ ൌ െ൫݇ଵ௙൅݇ଷ௙ሻܥ஽ு஺ 		൅ ሺ݇ଵ௙ ܭଵ⁄ ൯ܥீ௟௘ ൅ ൫݇ଷ௙ ܭଷ⁄ ൯ܥுమை െ ݇଺௙ܥ஽ு஺ܥுమை ൅
																		൫݇଺௙ ܭ଺⁄ ൯ܥீ௟௬ܥெ௘  
(E 4.9) 
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ܥሶீ ௟௘ 			ൌ 		݇ଵ௙ܥ஽ு஺ െ ሺ݇ଵ௙ ܭଵ⁄ ሻܥீ௟௘ 	െ ݇ଶ௙ܥீ௟௘ ൅ ൫݇ଶ௙ ܭଶ⁄ ൯ ܥெ௘௧௛ ܥுమை  (E 4.10) 
ܥሶெ௘௧௛ ൌ 	݇ଷ௙ܥ஽ு஺			൅		 ݇ଶ௙ܥீ௟௘ െ ݇ସ௙ܥெ௘௧௛ܥுమை െ ൫݇ଶ௙ ܭଶ⁄ ൯ܥெ௘௧௛ ܥுమை െ
																	൫݇ଷ௙ ܭଷ⁄ ൯ܥெ௘௧௛ܥுమை ൅	൫݇ସ௙ ܭସ⁄ ൯ܥ஺௔ܥி௢ െ ݇ହ௙ܥெ௘௧௛ܥுమை ൅ ൫݇ହ௙ ܭହ⁄ ൯ܥ௅௔  
(E 4.11) 
ܥሶ஺௔ 		ൌ 		݇ସ௙ܥெ௘௧௛ܥுమை െ ൫݇ସ௙ ܭସ⁄ ൯ܥ஺௔ܥி௢  (E 4.12) 
ܥሶ௅௔ 		ൌ 		݇ହ௙ܥெ௘௧௛ܥுమை െ ൫݇ହ௙ ܭହ⁄ ൯ܥ௅௔  (E 4.13) 
ܥሶி௢ 	ൌ 		݇ସ௙ܥெ௘௧௛ܥுమை െ ൫݇ସ௙ ܭସ⁄ ൯ܥி௢ܥ஺௔  (E 4.14) 
ܥሶீ ௟௬ ൌ 		݇଺௙ܥ஽ு஺ܥுమை െ ൫݇଺௙ ܭ଺⁄ ൯ܥீ௟௬ܥெ௘  (E 4.15) 
ܥሶெ௘ 	ൌ 		݇଺௙ܥ஽ு஺ܥுమை െ ൫݇଺௙ ܭ଺⁄ ൯ܥெ௘ܥீ௟௬  (E 4.16) 
         
where ܥሶ௫ refers to the change in concentration as function of the reaction time (in M/second), 
and ܥ௫ refers to concentration of species (in mol L–1).  The concentration of water (ܥுమை) was 
calculated using the density at corresponding temperature and pressure. 
 
The derived rate constants parameters activation energies (Ea), pre-exponential factors (A), 
and the Gibbs free energy of reaction are shown in Table 4.2 
Table 4.2 Reactions involved in the DHA kinetic model and corresponding kinetic and   
thermodynamic parameters in forward direction with the corresponding error 
Reaction Ea  
(kJ mol–1) 
A A 
(+)error
A 
(-)error 
(∆ࡳ࢘) 
(kJ mol–1) 
      
ܦܪܣ ⇋ ܩ݈݁ 77.41±1.9 4.60 x 105    s-1 5.2 x 106 1.2 x 105 -5.23 
ܦܪܣ ⇋ ܯ݁ݐ݄ ൅ ܪଶܱ  65.2±6.3 1.05 x 105    s-1 2.3 x 106 9.7 x 103 -58.16 
ܦܪܣ ൅ ܪଶܱ ⇋ ܩ݈ݕ ൅ܯ݁ 97.9±2.3 5.45 x 105 s-1/molL-1 7.2 x 105 2.8 x 105 0.21 
ܩ݈݁ ⇋ ܯ݁ݐ݄ ൅ ܪଶܱ  83.4±4.3 7.39 x 105  s-1 6.3 x 106 4.1 x 104 -52.72 
ܯ݁ݐ݄ ൅ ܪଶܱ ⇋ ܮܽ  96.9±1.6 9.01 x 105 s-1/molL-1 4.5 x 105 9.3 x 105 -58.94 
ܯ݁ݐ݄ ൅ ܪଶܱ ⇋ ܣܽ ൅ ܨ݋ 85.2±11.4 3.90 x 104 s-1/molL-1 1.3 x 104 3.5 x 104 -20.50 
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Column 2 of Table 4.2 presents the Ea of each of the reactions involved in DHA 
decomposition with the optimisation uncertainties. Column 3 shows the A values with the 
corresponding units of the rate constant, and columns 4 and 5 the corresponding   
uncertainties of  the estimated A values are shown.  
 
From the Ea, A and ∆Gr values, the rate constants of forward and reverse reactions were 
calculated. For all the temperatures, the calculated rate constant of DHA isomerisation to 
glyceraldehyde was ~3.1-4 times higher than the reverse reaction as shown in Figure 4.9. 
Also, the rate constant of DHA to methylglyoxal was greater glyceraldehyde dehydration to 
methylglyoxal. This suggests that α-carbon next to carbonyl group in DHA is less stable to 
the aldehyde group of glyceraldehyde under SCW conditions. This may be due to the acidic 
effect of the hydrogen attached to the α-carbon. Therefore, DHA decomposes faster 
compared to glyceraldehyde under SCW conditions.  
 
The main influence on the DHA consumption is due to the k1f and k3f reaction constants. The 
calculated ratio of the rate constants of the two major reactions k3f /k1f for the decomposition 
model is plotted against the temperature and presented in Figure 4.9.  The ratio of the rate 
constants is greater than 1 in the experimental region, which suggests that DHA dehydration 
to methylglyoxal is favoured under SCW environment. The slight reduction in the ratio that 
suggests with increasing temperature the isomerisation to glyceraldehyde tends to become 
important as well. 
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Figure 4.9 Ratio of rate constants k3f/k1f (blue) and k1f/k1r (red) from the decomposition 
kinetic model. Estimated reaction rate k1f is the decomposition of DHA to glyceraldehyde, k1r 
is the decomposition of glyceraldehyde to DHA and k3f is the dehydration of DHA to 
methylglyoxal 
 
4.3.2.1 Comparison with experimental data 
The results obtained from the kinetic model are compared with the experimental values in 
Figure 4.10. In this figure, the experimental data are represented by the symbols and the solid 
lines are the modelling results.  
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Figure 4.10 Influence of temperature and reaction time on DHA decomposition and product 
yield. Symbols correspond to the experimental data and lines correspond to modelling 
predictions, (x) DHA, (●) Meth, (♦) Gle, (■) Gly, (▲) Aa and (ж) La.  
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In general, the carbon yield of all species was captured correctly. For DHA, the optimised 
values from the model are in good agreement with experiments. The first-order reaction 
kinetics of DHA decomposition was observed with the fitting values. The fitting value for 
methylglyoxal production and decomposition in DHA decomposition followed the 
experimental trends with only 3-5% deviations. At 280˚C, the model values were able to 
capture the highest yield of methylglyoxal as well as the initiation of decomposition. The 
glyceraldehyde yields were obtained with reasonable accuracy with maximum variations of 
10%. The estimates from the model were accurate at 280˚C, and the constant yield with 
increasing time was well demonstrated. Acid yields of acetic and glycolic were always low 
with <5% for all experiments. The model was capable of expressing those trends, especially 
the slight reduction in acetic acid observed at 280˚C. Lactic acid was only present at 280˚C, 
and the model seems to underestimate the yield by ~15%. Therefore, more investigations on 
the lactic acid reaction mechanism are needed. 
 
4.3.2.2 Comparison with literature data 
Model validation with literature data is essential as a measure of the robustness of the model. 
The model was tested for its accuracy with experimental data of DHA decomposition under 
near-critical conditions.[130] Figure 4.10 presents the comparisons of the predicted carbon 
yields of DHA, glyceraldehyde and methylglyoxal with the published data obtained at 300-
350˚C. The symbols and lines refer to the experimental results and model predictions of the 
yields of DHA, glyceraldehyde and methylglyoxal, respectively. 
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Figure 4.11 Comparisons between the experimental data of the carbon yields of DHA, 
glyceraldehyde and methylglyoxal collected from the  work of Kabyemela  et al. [130] and 
modelling predictions (solid lines) as a function of reaction time. Colours represent each 
compound: DHA (red), glyceraldehyde (blue) and methylglyoxal (green). Symbols refer to 
experimental data DHA (triangle), glyceraldehyde (square) and methylglyoxal (circle). Lines 
refer to modelled predictions at different reaction conditions: 300˚C (dashed lines), 350˚C 
(solid lines). 
 
As shown in Figure 4.11 the yields of DHA and methylglyoxal predicted by the model are in 
good agreement with the literature data at 300˚C and 350˚C, 300-350 bar. The model under-
predicts the concentration of glyceraldehyde at 300˚C, while the predictions at 350˚C are 
comparable with the literature data. The under-estimation can be attributed to either over-
prediction of rate constant of reaction 2 or may be due to experimental error. The 
experimental error incorporated with the experiments was not found in the literature. 
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4.3.3 Kinetic analysis 
A series of kinetic analyses were carried out in order to interpret the modelling predictions 
and obtain insights into the chemical mechanism of DHA decomposition under SCW 
conditions. These analyses included the local sensitivity analysis and reaction flux by 
understanding the rate of progress (ROP) and state of balance (SOB). ROP is the difference 
between the forward reaction rate and the reverse reaction rate. The ROP and SOB are 
computed by equations E4.17 and E4.18, respectively. 
ܴܱܲ ൌ 	ݎ௙	 െ ݎ௥																																																																																																																					ሺE	4.17ሻ 
                        
ܱܵܤ ൌ ܴܱܲ/ܯܽݔ൛หݎ௙ห, |ݎ௥|ൟ		                     ሺE	4.18ሻ       
In these two equations, ݎ௙ and ݎ௥		represents the forward and reverse reaction rates, 
respectively. ROP has the unit mol L-1, while SOB is unitless. 
 
A rank-ordering of absolute values of ROP for all reactions can assist to identify the 
significant reaction channels. An SOB close to 1 means that the reaction is predominantly 
irreversible in forward direction, a value of -1 indicates an irreversible reaction proceeding in 
the reverse direction and a value close to 0 signifies that the reaction is almost equilibrated. 
The normalised sensitivity coefficients are calculated using the Simbiology toolbox in 
MATLAB R2010b. 
 
4.3.3.1 Local Sensitivity Analysis 
 In order to obtain insights into the model performance, local sensitivity analyses were carried 
out at 240˚C, 200 bar & 24s, 260˚C, 200 bar & 10s and 280˚C, 200 bar and 7s. The sensitivity 
coefficients for the concentration of DHA with respect to the forward rate constants and the 
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reaction Gibbs free energies of each reaction were calculated under all these selected 
conditions, where the conversion of DHA is ~ 50%. The sensitivity coefficients with their 
absolute values over 0.001 are presented in Figure 4.12. 
 
Figure 4.12  Sensitivity coefficients for the concentrations of DHA with respect to the 
forward and reverse rate constants of each reaction at 240˚C, 200 bar and 24s (dark blue); 
260˚C, 200 bar and 10s (blue); and 280˚C, 200 bar and 7s (light blue). Subscript numbers 
used in X-axis correspond to the reactions listed in section 4.2.2, k represents the rate 
constant of the forward reaction, and G represents the reaction Gibbs free energy. 
 
As shown in Figure 4.12, the concentrations of DHA strongly depend on the forward rate 
constants of reactions 1 and 3, which correspond to the two primary channels of DHA 
decomposition. The importance of reaction 1 (isomerisation of DHA) is less prominent than 
that of reaction 3 (dehydration of DHA) under all conditions. The forward rate constant of 
reaction 1, has impacts on the concentrations of DHA and glyceraldehyde, and thus affects 
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the yields of methylglyoxal, since methylglyoxal can be produced from either reaction 2 or 3. 
However, the sensitivity of reaction 1 was observed to increase slightly with the increasing 
reaction temperature, while that of reaction 3 decreased at higher temperatures. This is 
attributable to the higher activation energy of reaction 1 relative to reaction 3. 
 
The sensitivity coefficients for the concentrations of glyceraldehyde and methylglyoxal with 
respect to forward rate constants and reaction Gibbs free energies of each reaction were 
calculated, and the coefficients with their absolute values over 0.001 are presented in Figure 
4.13. 
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(b) Sensitivity coefficients for methylglyoxal formation and decomposition 
Figure 4.13 Sensitivity coefficients for the concentrations of glyceraldehyde (a), 
methylglyoxal (b) with respect to the forward rate constants of each reaction, and reaction 
Gibbs free energy of each reaction at 240˚C, 200 bar and 24s (dark colours); 260˚C, 200 bar 
and 10s (intermediate colours);  and 280˚C, 200 bar and 7s (light colours). Subscript numbers 
used in X-axis correspond to the reactions listed in section 4.2.2. 
 
Inspection of Figure 4.13 shows that the concentrations of glyceraldehyde and methylglyoxal 
are mainly sensitive to forward rate constants of reactions 1 and 3, respectively. The 
sensitivity coefficients in Figure 4.13(a) indicate that the forward rate constant of reaction 1, 
corresponding to the isomerisation of DHA to glyceraldehyde has the greatest impact on 
glyceraldehyde concentration. Sensitivity towards reaction 1 increases with the increase of 
temperature; on the other hand, sensitivity towards reaction 2 is also increased. This suggests 
that at higher temperatures dehydration of glyceraldehyde becomes more significant under 
subcritical conditions. This could be due to higher activation energy of glyceraldehyde 
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dehydration. This dehydration corresponds to the decrease in glyceraldehyde concentration in 
the experiments. 
 
Figure 4.13 (b) indicate that the yields of methylglyoxal is mainly affected by two reaction 
channels: one corresponds to reaction 2 (dehydration of glyceraldehyde); the other involves 
reaction 3 (dehydration of DHA).The significance of reaction 3 is more pronounced to the 
formation of methylglyoxal. The sensitivity of reaction 2 increases with increasing reaction 
temperature, while that of reaction 3 decreases, suggesting that with increasing temperature 
both DHA and glyceraldehyde are dehydrated to methylglyoxal. The increase in sensitivity in 
reaction 2 can be attributed to the higher activation energy of dehydration of glyceraldehyde 
compared to DHA. The sensitivity analysis discussed above reveals a significant temperature 
effect on DHA, glyceraldehyde and methylglyoxal decomposition on the distribution of 
products from DHA. 
 
4.3.3.2 Reaction Flux 
The SOB of each reaction in DHA decomposition are calculated at 240˚C, 200 bar and 24s as 
well as 280˚C, 200bar and 7s, as presented in Figure 4.14. The reaction numbers presented in 
the figure correspond to the reaction in section 4.2.1. 
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Figure 4.14   State of balance analysis of each reaction in DHA decomposition at 240˚C, 200 
bar and 24s (blue) as well as 280˚C, 200bar and 7s (red) 
 
As shown in Figure 4.14, the SOB values of most reactions except reaction 1 in DHA 
decomposition, is close to 1, indicating these reactions proceed predominantly in forward 
direction. Although reaction 1 also occurs in forward direction, the reverse rate of the 
reaction is more pronounced with the increase of temperature than those of other reactions. 
The reaction conditions have little impact on the reaction SOB. 
 
The ROP of each reaction at 240˚C, 260˚C and 280˚C, 200 bar and at 50% conversion of 
DHA is shown in Table 4.3. It also confirms that DHA decomposition proceeds mainly 
through two channels: one corresponds to the dehydration of DHA; the other corresponds to 
isomerisation of DHA to produce glyceraldehyde. 
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The contribution of dehydration reaction is 4.3 times faster than of the isomerisation reaction 
at 240˚C, while the ratio reduces to 3.5 times at 280˚C.Therefore, with the increase of 
temperature the dehydration of DHA becomes slower compared to isomerisation. However it 
is observed that the rate of dehydration of glyceraldehyde is increased with the temperature, 
which is attributed to higher activation energy of glyceraldehyde decomposition. 
 
Table 4.3 The rate of progress of each reaction in DHA decomposition at 240˚C, 200 bar and 
24s, 260˚C, 200 bar and 10s, as well as 280˚C, 200 bar and 7s. Initial concentration of DHA 
is 0.01 M. The rate of progress is in mol L-1s-1. 
Reaction 
number 
ROP at 240˚C 200bar 
and 24s 
ROP at 260˚C 200bar 
and 10s 
ROP at 280˚C 200bar 
and 7s 
1 2.75 x 10-6 6.44 x 10-6 1.05 x 10-5 
2 4.65 x 10-7 8.83 x 10-7 2.03 x 10-6 
3 1.18 x 10-5 2.47 x 10-5 3.72 x 10-5 
4 2.38 x 10-6 4.05 x 10-6 8.27 x 10-6 
5 1.40 x 10-6 2.31 x 10-6 4.56 x 10-6 
6 1.21 x 10-7 2.83 x 10-7 4.74 x 10-7 
 
4.4 Summary 
Under the experimented conditions, 100% DHA conversion was observed in 25s. The overall 
DHA decomposition was observed to follow first-order kinetics. Methylglyoxal and 
glyceraldehyde were the most abundant products, with highest carbon yields in the range of 
40% and 25% respectively. Therefore, dehydration is favoured in the subcritical range to the 
tautomerisation. Methylglyoxal fragmentation was observed at lower temperatures and at 
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280˚C water-catalysed monohydration and hydrogen shift became prominent. Therefore, the 
study shows that product composition of DHA decomposition under subcritical conditions 
can be changed by controlling the experimental conditions. 
 
The primary reaction pathway for DHA decomposition under subcritical water conditions 
involves the initial tautomerisation to glyceraldehyde, and the dehydration of both DHA and 
glyceraldehyde to methylglyoxal. Fragmentation of DHA to glycolic acid and methylglyoxal 
to acetic acid play a minor role in DHA decomposition. Methylglyoxal decomposition to 
lactic acid is initiated at slightly higher temperature around 280˚C due to the higher activation 
energy incorporated with the reaction. 
 
A chemical kinetic model was proposed to describe the process of DHA decomposition under 
subcritical water conditions.  In the proposed kinetic model, DHA conversion occurs in a 
network of parallel, consecutive and equilibrium reactions. The comparison between the 
experimental and decomposition model kinetically describes how the DHA is broken down to 
liquid intermediates reasonably. The rate constants for the reactions were elucidated using the 
literature, experimental data and thermodynamic properties of the compounds that provide a 
thermodynamically consistent kinetic model for the DHA decomposition.  The kinetic model 
is able to describe the trends of the formation of products. 
 
The model is also able to describe the trends of the experimental carbon yields of 
glyceraldehyde, methylglyoxal, glycolic acid and acetic acid. The kinetic modelling analysis 
illustrated that glyceraldehyde is more stable at lower temperatures, while the reactivity 
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increases with increasing temperature. Therefore, the properties of water have a predominant 
effect on glyceraldehyde decomposition. 
 
A comparison of product yields with experiments in continuous flow reactor at near critical 
conditions time showed an agreement to the decomposition behaviour of DHA under HCW. 
This shows that the developed kinetic model can be used to model DHA decomposition 
behaviour under sub-and near-critical conditions. 
 
The studies in this chapter demonstrated that this kinetic model is useful as mechanism to 
predict the DHA decomposition behaviour and product distribution under sub-and near-
critical regions without catalysts. 
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CHAPTER 5 
KINETIC STUDY OF XYLOSE DECOMPOSITION UNDER 
SUB-CRITICAL WATER CONDITIONS 
Xylose is the principal sugar in xylan and is one of the primary monomers produced during 
xylan depolymerisation under Sub-Critical Water (SCW) conditions. Xylose serves as a 
model compound for understanding the decomposition pathways of sugars under SCW 
conditions. This chapter presents experimental and chemical kinetic modelling results of 
xylose decomposition under SCW conditions, with the objective to develop a 
thermodynamically consistent kinetic model to estimate xylose decomposition and product 
formation under SCW conditions more accurately that what is available in the literature.  
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5.1 Experimental methodology 
Experiments of xylose decomposition under SCW conditions were carried out at 200-300ºC, 
200 bar and between 2 and 40s in a continuous flow reactor system. An initial concentration 
of 0.01 mol L–1(M) xylose was used to minimise gas formation and blockage of reactor tubes. 
A detailed description of the reactor system and corresponding analytical methodology used 
in this study are presented in Chapter 3. Under the examined conditions, the extent of xylose 
decomposition was controlled by varying temperature and, reaction time.  
 
The product solutions were observed to contain a mixture of low molecular weight organic 
acids (glycolic acid, lactic acid, formic acid and acetic acid), aldehydes (furfural, 
glyceraldehyde, glycolaldehyde, and dihydroxyacetone) and sugars (erythrose, xylulose, and 
unreacted xylose).  
 
Typical HPLC chromatograms of xylose product solution reacted at 260ºC, 200 bar and 9.5s 
using High Plex H+ column is provided in Figure 5.1a) and b). Inspection of Figure 5.1a) 
obtained with the UV detector on the 210nm channel shows that most of the products, 
including erythrose (14.4 min), glycolic acid (15.8 min), lactic acid (16.6 min) and acetic acid 
(19.2 min), are well separated. However, due to complexity of the product mixture, 
glyceraldehyde and formic acid could not be quantified accurately. On the 280nm channel 
(Figure 5.1b), glycolaldehyde, DHA and furfural were detected and quantified at retention 
times of 15.2, 16.9 and 54.8 min, respectively. Identification and quantification of sugars 
(xylose at 23.1 min and xylulose at 28.2 min) was achieved using HPLC/ELSD with a 
Metacarb 87P column, as presented in Figure 5.2.  
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Figure 5.1 Typical HPLC/UV chromatograms of xylose decomposition product samples with 
Hi-Plex H+ column at 260ºC, 200 bar and 9.5s at wavelengths  of a)210 nm and b)280 nm,  
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Figure 5.2 Typical HPLC chromatogram of xylose decomposition product sample with 
Metacarb 87P column at 260ºC, 200 bar and 9.5s with ELS detector  
 
5.2 Results 
5.2.1 Effect of temperature and reaction time on xylose conversion 
Figure 5.3 shows the carbon yields of xylose as a function of reaction time at 220˚C, 240˚C 
260˚C and 280˚C. The yields of xylose are presented in a logarithmic scale (Y-axis in Figure 
5.3). As expected, the conversion of xylose increased with increasing reaction time and 
temperature. It took 36s, 15.6s, 6s and 2s to reach 50% xylose conversion at 220, 240, 260ºC 
and 280ºC, respectively, indicating a significant activation energy for xylose decomposition 
compared to DHA decomposition. 
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 Figure 5.3 Carbon yield of 0.01M xylose conversion as a function of reaction temperature 
and reaction time at constant pressure of 200 bar in a tubular flow reactor.  
 
Inspection of Figure 5.3 shows that the conversion of xylose follows first-order kinetics under 
the studied conditions. From the log-linear time variations of yields at each temperature, the 
first-order rate constants (k) of xylose conversion were calculated to be 0.011 s–1, 0.027 s–1, 
0.053 s–1, 0.134 s–1, 0.21 s–1 at 220, 240, 260, 280˚ and 300˚C, respectively. The apparent 
activation energy (Ea) and pre-exponential factor (A) for the overall decomposition of xylose 
under SCW conditions were therefore determined to be 138 kJ mol–1 and 1.458×1012 s–1, 
respectively.  
 
A comparison of the k values obtained from our experiments with the published values of 
xylose decomposition under SCW conditions is shown in Figure 5.4. The solid line in the 
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figure refers to the Arrhenius fitting of all the experimental data determined from least 
squares calculation, and dotted lines refer to a 95% confidence interval of the linear fitting. 
The literature data selected for this comparison were all obtained from continuous flow 
experiments.[21, 67, 126, 175] As shown in Figure 5.4, our measured rate constants of the 
overall xylose conversion are quite consistent with the literature data. The best fit values for 
all the experimental data were found to be 139 kJ mol–1 and 1.58×1012 s–1 which were very 
close to the experimental values obtained in this thesis. The evaluated activation energies of 
this work (138 kJ mol–1 and 1.458×1012 s–1) show a maximum of 15% difference with other 
investigators reporting activation energies in a range between 140 and 160 kJ mol–1. This 
suggests that xylose decomposition probably follows similar reaction pathways at a wide 
range of temperatures (135˚C-300˚C) under SCW conditions.  
 
Figure 5.4 Arrhenius plot of the available first-order rate constants (k) of xylose 
decomposition under subcritical water conditions. The solid line refers to the Arrhenius 
fitting of all experimental data, and the dotted lines refer to a 95% confidence interval of the 
fitting. 
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5.2.2 Product distribution  
A detailed reaction network of xylose decomposition was investigated by analysing its 
product distribution. The identified products from xylose (Xyl) decomposition in this study 
are acetic acid (Aa), glycolic acid (Gly), lactic acid (La), formic acid (Fa), glyceraldehyde 
(Gle), xylulose (Xyu), erythrose (Ery), glycolaldehyde (Glo), DHA, methylglyoxal (Meth) 
and furfural (Ff). Formation of char was not observed, which is possibly due to the low 
concentration of xylose used. 
 
Figure 5.5 illustrates the product yields and xylose conversion as a function of reaction time 
during xylose decomposition at 220˚C, 240˚C, 260˚C and 280˚C, 200 bar in SCW. Product 
yield values of all the species were calculated in mol mol–1, based on the number of carbons 
of each species at the temperature and pressure of the reaction. 
  
Inspection of this figure indicates that the carbon yields of feed and quantified compounds 
account for approximately 50-80% of the total carbon in reaction solution. Increasing 
amounts of unidentified carbon were observed with increasing temperature, suggesting that 
the decomposition of produced intermediates is activated at higher temperatures. The 
following sections discuss the formation of major products during SCW decomposition of 
xylose. 
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Figure 5.5 Carbon yields of xylose and its decomposed products as a function of reaction 
time at 220˚C, 240ºC, 260˚C and 280˚C for 0.01M xylose solution 
 
Xylulose and erythrose 
Xylulose and erythrose were observed under all investigated conditions. The maximum yields 
of xylulose were 6.7%, 6.1%, 5.2% and 5.0% at 220˚C, 240˚C, 260˚C and 280˚C, 
respectively. The yield of xylulose increased monotonically with increasing reaction time at 
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220˚C. However, maximum xylulose yields decreased at temperatures above 240˚C, 
suggesting xylulose started decomposing to other products at higher temperatures.  Erythrose 
was the other sugar observed during xylose decomposition. A maximum yield of 0.4% was 
found at 240˚C and 2s.  
 
Organic acids 
The major organic acid formed from SCW decomposition of xylose is acetic acid, followed 
by lactic acid. The yields of both acetic acid and lactic acid increased with increasing reaction 
time and temperature. Hence, the maximum carbon yields of 18% and 6% were obtained at 
280˚C and 24s for acetic acid and lactic acid, respectively. The yield increases of these acids 
from 220˚C to 240˚C were smaller than those from 260˚C to 280˚C, implying greater extent 
of decomposition of these acids at higher temperature. 
 
The minor acid constituent was glycolic acid, which started to appear after 6s in the product 
solution. Glycolic acid yield increased gradually with increasing reaction time and 
temperature.  Its maximum carbon yield was 0.5% at 280˚C and 24s. 
  
Furfural 
Furfural yield increased significantly with increasing reaction time during xylose 
decomposition under SCW conditions. The maximum yield of furfural at 220˚C, 240˚C, 
260˚C and 280˚C were 5.6%, 12.4%, 19.8% and 18.5%, respectively. The increase in yields 
reduced with rising temperature. For example, the carbon yield of furfural increased by 2.2 
times from 220˚C to 240˚C and 1.6 times from 240˚C to 260˚C, but it starts decreasing at 
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280˚C. The lower furfural yield at 280˚C could be probably attributed to a significant change 
of reaction pathway or the decomposition of furfural.  
 
To understand the contribution of glycolaldehyde to the product distribution during xylose 
decomposition, similar experiments were carried out under SCW conditions using 
glycolaldehyde. Under those conditions no gaseous products were observed. The liquid 
product solution mainly consisted of acetic acid followed by trace quantity of glycolic acid. 
 
Figure 5.6 Selectivity of acetic acid as a function of conversion of an aqueous solution 
(0.01M) of glycolaldehyde at ♦220˚C, ■240˚C, ▲260˚C, and 200bar 
 
The selectivity towards acetic acid was close to 90% for glycolaldehyde conversions <5%, at 
all the temperatures and it gradually decreased to 35-40% with increasing reaction time. 
Delplot analysis in Figure 5.6 confirms that acetic acid is a primary product during 
glycolaldehyde decomposition under SCW conditions.  
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5.2.3 Variation in pH of xylose solution 
 The pH of xylose feed solution and product samples collected from each experiment were 
measured at room temperature. The obtained values are presented as a function of reaction 
time at various reaction temperatures, as shown in Figure 5.7. The pH of the feed solution (at 
t=0s) was ~5.85. In the first 5s, the pH of product solution decreased to ~3.8 due to the 
formation of organic acids from the decomposition of xylose. After this, the pH gradually 
decreased to 3.8~3.0, indicating an increasing amount of organic acids at longer reaction 
times of the produced acid mixture. The pH of reaction solution decreased with increasing 
reaction time and temperature. 
Figure 5.7 pH variation of product samples from xylose decomposition as a function of 
reaction time under conditions of 220˚C-300˚C and 200 bar 
 
The minimum pH measured at 220˚C and 240˚C after 35s were 3.9 and 3.8 at room 
temperature, respectively. These pH measurements correspond to approximately 55% and 
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64% xylose conversion, therefore have potential tendency to decrease further with longer 
reaction time. The pH values measured at 280˚C and 300˚C at similar reaction times reached 
pH 3.0 which was the lowest limit of pH observed in the product solutions. It is worthy of 
note that more than 85% of the xylose was decomposed under these temperatures; hence any 
decrease in pH should mainly be attributed to the further decomposition of intermediates to 
produce acids.  
 
Figure 5.8 The pH variation of product samples as a function of the conversion of xylose (in 
% mol mol–1) under the conditions of 220˚C-300˚C, 200 bar, where ♦ 220˚C, ■ 240˚C, 
▲260˚C, ● 280˚C, ж 300˚C 
 
Figure 5.8 presents the solution pH variation as a function of the conversion of xylose 
between 220˚C-300˚C and 200 bar. The solid line represents the linear fitting of all 
experimental data. As shown in Figure 5.8, the solution pH variation is linearly related to the 
conversion of xylose, but independent of the reaction temperature in the xylose conversion 
R² = 0.9829
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ranges between 20% and 90%. At high conversion of xylose (over 90%), the solution pH 
seems to slightly deviate from the trend line, especially at high temperature (for example at 
280˚C).These deviations indicate that acids can be also produced from the decomposition of 
intermediates after almost completed conversion of xylose. Therefore, any tiny increase of 
the xylose conversion in this area corresponds to a considerable decrease of the reaction 
solution pH, not only due to xylose decomposition but also responding to decomposition of 
intermediates. This linear relationship in our experiments can be described by equation E 5.1 
pH = -0.0258X +5.65                                                                                               (E 5.1)   
where X is the conversion of xylose. 
The minimum concentration of organic acids in the reaction samples can be deduced by 
assuming that all the protons are generated from the dissociation of formic acid, the strongest 
acid produced in xylose decomposition. The concentration of formic acid thus calculated 
from the solution pH and pKa of formic acid, by equation E 5.2, corresponds to the minimum 
acid concentration in product solution. 
pKୟ ൌ 	െ݈݋ ଵ݃଴ሺ ሾு
శሿሾு஼ைைషሿ
ሾு஼ைைுሿ೅ିሾு஼ைைுሿವሻ                                                                             (E 5.2) 
In equation E 5.2, pKa is the negative logarithm of the dissociation constant of formic acid. 
[H+] and [HCOO–] are the concentrations of proton (H+) and the conjugate base (HCOO–) of 
dissociated formic acid. [HCOOH]T and [HCOOH]D represent the gross concentration of 
formic acid and the concentration of the dissociated formic acid in the solution. 
 
According to the assumption, [H+] is equal to [HCOO–] and [HCOOH]D. The pKa of formic 
acid is 3.75 at 298.15K and 1 atm.[191] Thus, [HCOOH]T (equal  to the minimum acid 
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concentration) corresponding to the solution pH of 4.5 and 3.1 were computed to be 0.95 
mmolL–1 and 4.34 mmolL–1, corresponding to the carbon content of 6-15% in our 
experiments. However, the measured total acid contents in the experiments were 10-25% at 
similar conversions. This difference arises because the actual acid carbon content in the 
experiments correspond not only to formic acid but also to other produced larger acids that 
are both weaker (higher pKa) and have more carbon atoms.  
 
5.3 Kinetic modelling of xylose decomposition 
5.3.1 Reaction pathways 
The reaction mechanism for xylose decomposition under the SCW conditions is presented in 
Figure 5.9. The proposed reaction scheme accounts for all the liquid intermediates identified 
and quantified under the experimental conditions and all the other products that could not be 
quantified were lumped as “Others”. Starting from xylose, the proposed reaction mechanism 
can be divided into five pathways that begin with tautomerisation to xylulose, dehydration to 
furfural, retro-aldol condensation to glyceraldehyde, glycolaldehyde, erythrose and 
fragmentation to other products. Xylulose produced during the tautomerisation can be also 
dehydrated to furfural under SCW conditions. The retro-aldol products produced during the 
conversion are mainly accountable for the generation of acetic, lactic and glycolic acids. 
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Figure 5.9 Proposed xylose conversion routes to decomposition products under sub-critical 
water conditions 
Although several kinetic models for pentose dehydration to furfural in acidic or hydrothermal 
environment have been proposed in literature, thermodynamically consistent kinetic models 
for xylose decomposition have not been established. The kinetic model presented in this 
chapter takes into consideration the reversibility of reactions and the thermodynamic 
properties of species. 
 
Table 5.1 presents theሺ∆௙ܪሻ௚, ሺܵሻ௚, and  ∆௦ܩ for the species in addition to species in DHA 
decomposition in Chapter 4. This calculation was performed by a group member Dr. Xiao 
Liang, and the following Table 5.1 presents the values provided from those calculations. 
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Table 5.1 Standard enthalpy of formation, standard entropy and standard Gibbs energy of 
solvation of the species in xylose decomposition at 298.15 K and 1 atm 
Species ሺ∆ࢌࡴሻࢍ 
(kcal mol–1) 
ࡿࢍ 
(cal mol–1K–1) 
∆࢙ࡳ 
(kcal mol–1) 
Xylose -220.6 95.4 -14.5 
Xylulose -245.9 58.1 -10.3 
Furfural -37.5 75.8 -2.7 
Glycolaldehyde -75.8 67.3 -5.1 
Erythrose -167.7 95.4 -10.7 
 
5.3.2Kinetic model development 
The reaction pathways in Figure 5.9 were used to develop the kinetic model for xylose 
decomposition under SCW conditions. The parameters of the rate of reaction were obtained 
from a combination of first-principles molecular modelling techniques, literature data and 
numerical optimisation procedures as described in Chapter 4. 
The developed kinetic model for xylose decomposition under SCW conditions followed three 
assumptions. They are: (i) the concentration of water is constant at the temperature and 
pressure of the reactor; (ii) temperature dependence of reaction rate constants can be 
described by the Arrhenius equation; and (iii) all reaction rates obey the mass action law. 
Based on the above assumptions, the reaction channels and their rate expressions involved in 
the developed kinetic model are presented as follows. 
  
In total, 15 species are used to describe the kinetic model. These species are water (H2O), 
xylose(Xyl), xylulose(Xyu), furfural(Ff), glycolaldehyde(Glo), erythrose(Ery), 
dihydroxyacetone(DHA), glyceraldehyde(Gle), methylglyoxal(Meth), acetic acid(Aa), 
formaldehyde (Fo), glycolic acid (Gly), methanol (Me), lactic acid (La) and others (Oth).The 
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developed kinetic model consists of 12 reversible reactions and 2 irreversible reactions, 
which are listed in the following section. 
ܥହܪଵ଴ܱହ	ሺܺݕ݈ሻ
௞భ೑ርሮ ܥହܪଵ଴ܱହሺܺݕݑሻ						  (R 5.1) 
ܥହܪଵ଴ܱହ	ሺܺݕ݈ሻ
௞మ೑ርሮ ܥଷܪ଺ܱଷሺܩ݈݁ሻ ൅	ܥଶܪସܱଶሺܩ݈݋ሻ  (R 5.2) 
ܥଷܪ଺ܱଷሺܩ݈݁ሻ
௞య೑ርሮ ܥଷܪ଺ܱଷሺܦܪܣሻ  (R 5.3) 
ܥଷܪ଺ܱଷሺܩ݈݁ሻ
௞ర೑ርሮ ܥଷܪସܱଶሺܯ݁ݐ݄ሻ ൅	ܪଶܱ  (R 5.4) 
ܥଷܪ଺ܱଷሺܦܪܣሻ
௞ఱ೑ርሮ ܥଷܪସܱଶሺܯ݁ݐ݄ሻ ൅	ܪଶܱ   (R 5.5) 
ܥଷܪସܱଶሺܯ݁ݐ݄ሻ ൅	ܪଶܱ
௞ల೑ርሮ ܥଶܪସܱଶሺܣܽሻ ൅ ܥܪଶܱሺܨ݋ሻ  (R 5.6) 
ܥଷܪସܱଶሺܯ݁ݐ݄ሻ ൅	ܪଶܱ
௞ళ೑ርሮ ܥଷܪ଺ܱଷሺܮܽሻ  (R 5.7) 
ܥଷܪ଺ܱଷሺܦܪܣሻ	൅	ܪଶܱ
௞ఴ೑ርሮ ܥଶܪସܱଷሺܩ݈ݕሻ ൅ ܥܪସሺܯ݁ሻ   (R 5.8) 
ܥହܪଵ଴ܱହ	ሺܺݕ݈ሻ
௞వ೑ርሮ ܥସܪ଼ ସܱሺܧݎݕሻ ൅ ܥܪଶܱሺܨ݋ሻ  (R 5.9) 
ܥହܪଵ଴ܱହ	ሺܺݕ݈ሻ
௞భబ೑ርۛሮ ܥହܪସܱଶሺܨ݂ሻ ൅ 	3ܪଶܱ  (R 5.10) 
ܥସܪ଼ ସܱ	ሺܧݎݕሻ
௞భభ೑ሱۛ ሮ ܥଷܪ଺ܱଷሺܮܽሻ ൅ ܥܪଶܱ(Fo)                                                         (R 5.11) 
ܥହܪଵ଴ܱହ	ሺܺݕݑሻ
௞భమ೑ርۛሮ ܥହܪସܱଶሺܨ݂ሻ ൅ 	3ܪଶܱ  (R 5.12) 
ܥଶܪସܱଶሺܩ݈݋ሻ
௞భయ೑ርۛሮܥଶܪସܱଶሺܣܽሻ  (R 5.13) 
ܥହܪଵ଴ܱହ	ሺܺݕ݈ሻ
௞భర೑ሱۛ ሮ ܱݐ݄݁ݎ  (R 5.14) 
 
The concentration (in mol L–1) of each species as a function of time can be predicted in terms 
of solving the following ordinary differential equations. At the beginning of the reaction at 
t=0, only 0.01 mol L–1 xylose was present in the solution.  
࡯ሶ ࢄ࢟࢒ ൌ െሺ݇ଵ௙൅݇ଶ௙ ൅	݇ଵ଴௙ ൅	݇ଽ௙ሻ ∙ ܥ௑௬௟ ൅ ሺ݇ଵ௙ ܭଵ⁄ ሻ ∙ ܥ௑௬௨ ൅ ሺ݇ଶ௙ ܭଶ⁄ ሻ ∙ ܥீ௟௘ ∙ ܥீ௟௢ ൅
															ሺ݇ଵ଴௙ ܭଵ଴⁄ ሻ 	 ∙ ܥி௙ ∙ ሺܥுమைሻଷ 	െ 	൫݇ଽ௙ ܭଽ⁄ ൯ ∙ ܥா௥௬ ∙ ܥி௢  
(E 5.3) 
࡯ሶ ࢄ࢛࢟ ൌ 	݇ଵ௙ ∙ ܥ௑௬௟ െ ൫ሺ݇ଵ௙ ܭଵ⁄ ሻ ൅ ݇ଵଶ௙൯ ∙ ܥ௑௬௨ ൅ ൫݇ଵଶ௙ ܭଵଶ⁄ ൯ ∙ ܥி௙ ∙ ሺܥுమைሻଷ  (E 5.4) 
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࡯ሶ ࡱ࢘࢟ ൌ ݇ଽ௙ ∙ ܥ௑௬௟ െ ൫݇ଽ௙ ܭଽ⁄ ൯ ∙ ܥா௥௬ ∙ ܥி௢ െ ݇ଵଵ௙ ∙ ܥா௥௬  (E 5.5) 
࡯ሶ ࡳ࢒ࢋ ൌ ݇ଶ௙ ∙ ܥ௑௬௟ െ ൫݇ଶ௙ ܭଶ⁄ ൯ ∙ ܥீ௟௘ ∙ ܥீ௟௢ െ ݇ଷ௙ ∙ ܥீ௟௘ ൅ ൫݇ଷ௙ ܭଷ⁄ ൯ ∙ ܥ஽ு஺ െ ݇ସ௙ ∙ ܥீ௟௘ ൅
														൫݇ସ௙ ܭସ⁄ ൯ ∙ ܥெ௘௧௛ ∙ ܥுమை  
(E 5.6) 
࡯ሶ ࡰࡴ࡭ ൌ ݇ଷ௙ ∙ ܥீ௟௘ െ ൫݇ଷ௙ ܭଷ⁄ ൯ ∙ ܥ஽ு஺ െ ݇ହ௙ ∙ ܥ஽ு஺ ൅ ൫݇ହ௙ ܭହ⁄ ൯ ∙ ܥெ௘௧௛ ∙ ܥுమை െ ଼݇௙ ∙
															ܥ஽ு஺ ∙ ܥுమை ൅ ൫଼݇௙ ܭ଼⁄ ൯ ∙ ܥீ௟௬ ∙ ܥெ௘  
(E 5.7) 
࡯ሶ ࡹࢋ࢚ࢎ ൌ ݇ସ௙ ∙ ܥீ௟௘ ൅ ݇ହ௙ ∙ ܥ஽ு஺ െ ൫݇ସ௙ ܭସ⁄ ൯ ∙ ܥெ௘௧௛ ∙ ܥுమை െ ൫݇ହ௙ ܭହ⁄ ൯ ∙ ܥெ௘௧௛ ∙ ܥுమை െ
																݇଺௙ ∙ ܥெ௘௧௛ ∙ ܥுమை ൅ ൫݇଺௙ ܭ଺⁄ ൯ ∙ ܥ஺௔ ∙ ܥி௢ െ ݇଻௙ ∙ ܥெ௘௧௛ ∙ ܥுమை ൅ ൫݇଻௙ ܭ଻⁄ ൯ ∙ ܥ௅௔  
(E 5.8) 
࡯ሶ ࡳ࢒࢕ ൌ ݇ଶ௙ ∙ ܥ௑௬௟ െ ൫݇ଶ௙ ܭଶ⁄ ൯ ∙ ܥீ௟௘ ∙ ܥீ௟௢ െ ݇ଵଷ௙ ∙ ܥீ௟௢ ൅ ൫݇ଵଷ௙ ܭଵଷ⁄ ൯ ∙ ܥ஺௔  (E 5.9) 
࡯ሶ ࡲࢌ ൌ ݇ଵ଴௙ ∙ ܥ௑௬௟ െ ൫݇ଵ଴௙ ܭଵ଴⁄ ൯ ∙ ܥி௙ ∙ ሺܥுమைሻଷ ൅ ݇ଵଶ௙ ∙ ܥ௑௬௨ െ ൫݇ଵଶ௙ ܭଵଶ⁄ ൯ ∙ ܥி௙ ∙ ሺܥுమைሻଷ  (E 5.10) 
࡯ሶ ࡭ࢇ ൌ ݇଺௙ ∙ ܥெ௘௧௛ െ ൫݇଺௙ ܭ଺⁄ ൯ ∙ C୅ୟ ∙ C୊୭ ൅ ݇ଵଷ௙ ∙ Cୋ୪୭ െ ൫݇ଵଷ௙ ܭଵଷ⁄ ൯ ∙ C୅ୟ  (E 5.11) 
࡯ሶ ࡸࢇ ൌ ݇7݂ ∙ ܥܯ݁ݐ݄ ∙ ܥுమை െ ൫݇଻௙ ܭ଻⁄ ൯ ∙ ܥ௅௔ ൅ ݇ଵଵ௙ ∙ ܥா௥௬  (E 5.12) 
࡯ሶ ࡲ࢕ ൌ ݇଺௙ ∙ ܥெ௘௧௛ െ ൫݇଺௙ ܭ଺⁄ ൯ ∙ ܥ஺௔ ∙ ܥி௢ ൅ ݇ଵଵ௙ ∙ ܥா௥௬ ൅ ݇ଽ௙ ∙ ܥ௑௬௟ െ ൫݇ଽ௙ ܭଽ⁄ ൯ ∙ ܥா௥௬ ∙ ܥி௢ (E 5.13) 
࡯ሶ ࡳ࢒࢟ ൌ ଼݇௙ ∙ ܥ஽ு஺ ∙ ܥுమை െ ൫଼݇௙ ܭ଼⁄ ൯ ∙ ܥீ௟௬ ∙ ܥெ௘  (E 5.14) 
࡯ሶ ࡹࢋ ൌ ଼݇௙ ∙ ܥ஽ு஺ ∙ ܥுమை െ ൫଼݇௙ ܭ଼⁄ ൯ ∙ ܥீ௟௬ ∙ ܥெ௘  (E 5.15) 
࡯ሶ ࡻ࢚ࢎ ൌ ݇14 ∙ ܥܺݕ݈  (E 5.16) 
 
where ܥሶ௫ refers to the change in concentration as function of the reaction time (in mol L–1/s), 
and ܥ௫ refers to the concentration of species (in mol L–1).The change in concentration of 
water with temperature and pressure was calculated using the density corresponding to 
temperature and pressure. 
 
5.3.3 Modelling results and discussion 
The optimised kinetic constants, activation energy (Ea) and pre-exponential factor (A) and the 
reaction Gibbs free energy (∆Gr) for each reaction in the kinetic model are shown in Table 
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5.1 with their corresponding uncertainties. The kinetic parameters for reactions R5.3 to R 5.8 
were not further optimised but directly applied as obtained in Chapter 4. Column 2 of  Table 
5.2 presents the A with the corresponding units of the rate constant, and in columns 3 and 4, 
the corresponding error margins of the estimated A values, whereas column 5 is Ea of each of 
the reactions involved in xylose decomposition with corresponding least squares 
uncertainties.  
Table 5.2 Arrhenius parameters and reaction Gibbs free energy for reactions of xylose 
decomposition under subcritical water conditions 
 
Reaction A A A Ea (∆ࡳ࢘) 
  (+)error (-)error (kJ mol–1) (kJ mol–1) 
 ܺݕ݈ ⇌ ܺݕݑ 5.6x109  s–1 7.0 x 1011 3.1 x 108 117.1±9.7 5.85 
ܺݕ݈ ⇌ ܩ݈݁ ൅ ܩ݈݋  1.6x1010  s–1 4.2 x 1012 8.2 x 107 118.6±20.4 -4.94 
ܩ݈݁ ⇌ ܦܪܣ  9.2x105  s–1 7.7 x 107 1.5 x 105 85.5±16 5.23 
ܩ݈݁ ⇌ ܯ݁ݐ݄ ൅ ܪଶܱ             7.3x105  s–1 6.3 x 106 4.1 x 104 83.4±4.3 -52.72 
ܦܪܣ ⇌ ܯ݁ݐ݄ ൅ ܪଶܱ  1.0x105  s–1 2.3 x 106 9.7 x 103 65.2±6.3 -58.16 
ܯ݁ݐ݄ ൅ ܪଶܱ ⇌ ܣܽ ൅ ܨ݋  3.9x104  s–1/molL–1 1.3  x 104 3.5 x 104 85.2±11.4 -20.50 
ܯ݁ݐ݄ ൅ ܪଶܱ ⇌ ܮܽ  9.0x105  s–1/molL–1 4.5 x 105 9.3 x 105 96.9±1.6 -58.94 
ܦܪܣ ൅ ܪଶܱ ⇌ ܩ݈ݕ ൅ܯ݁  5.4x105  s–1/molL–1 7.2 x 105 2.8 x 105 97.9±2.3 -0.21 
ܺݕ݈ ⇌ ܨ݂ ൅ 3ܪଶO 3.1x109 s–1 1.1 x 1011 3.3 x 106 115.2±8.4 -102.63 
ܺݕݑ ⇌ ܨ݂ ൅ 3ܪଶO 3.2x109  s–1 8.6 x 109 1.5 x 109 110.2±0.4 -106.98 
ܩ݈݋ ⇌ ܣܽ  8.2x108  s–1 4.2 x 109 1.4 x 107 101.1±23.5 -144.85 
ܺݕ݈ ⇌ ܧݎݕ ൅ ܨ݋  9.9x109  s–1 1.0 x 1010 9.6 x 109 118.7±6.2 65.68 
ܧݎݕ ⟶ ܮܽ ൅ ܨ݋  2.6x1010  s–1 1.6 x 1012 1.5 x 109 102.1±5.6 - 
ܺݕ݈ ⟶ ܱݐ݄  1.2x108  s–1 9.  x 1010 7.2 x 105 96.8±26.5 - 
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From the Ea and A values, the rate constant of the forward reactions were calculated. It was 
shown that the highest reaction rate constant was obtained for the retro-aldol condensation of 
xylose at all temperatures. In comparison, isomerisation to xylulose and dehydration to 
furfural has reaction rate constants which are approximately 0.5 times the rate constant of 
retro-aldol condensation. Therefore, retro-aldol condensation is the most prominent reaction 
under SCW condition in xylose decomposition. With the estimated kinetic parameters the 
feed conversion and product profiles were derived. The following  section provides the 
validations of our developed kinetic model by comparing the modelling predictions with the 
experimental results obtained from our experiments as well as selected published work.[111] 
On the basis of kinetic analysis, the reaction mechanisms and important reaction channels of 
xylose decomposition under SCW conditions were identified and discussed.  
 
5.3.3.1 Conversion of xylose 
Figure 5.10 presents the predicted carbon yield profiles of xylose decomposition with the 
experimental values as a function of reaction time (2-40s) and temperature (220˚C-280˚C). 
The estimated results are in good agreement with the experimental data under all conditions 
with <5% deviation. Inspection of Figure 5.10 shows that the modelled conversions of xylose 
follow first-order kinetics under the examined conditions, consistent with experimental 
observations.  
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Figure 5.10 Influence of temperature and reaction time on xylose decomposition at 220˚C, 
240˚C, 260˚C, 280˚C, and 200 bar. The experimental points are plotted with experimental 
uncertainties of ~10%. 
 
5.3.3.2 Formation of xylulose, furfural and acids 
Figure 5.11 presents the carbon yield profiles fitted by the model of all organic species with 
obtained data from experiments as a function of reaction time and temperature. Xylulose, 
furfural, acetic acid and lactic acid are identified to be the predominant intermediates and 
products under the studied experimental conditions. Other products, such as DHA and 
glycolaldehyde, are produced in low carbon yields (~1-5%), while erythrose, methylglyoxal 
and glycolic acid can only be observed in trace amounts. 
 
The uncertainties of the experimental results are estimated to be ~10% in total. The estimates 
are based on the experimental and analytical deviations explained in Chapter 3. Xylulose is 
initially produced, followed by immediate decomposing to furfural. At 220˚C, the model 
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seems to underestimate the xylulose yield by 1.2 times, but the accuracy of estimation 
increases with temperature. The formation as well as the decomposition of xylulose was 
captured by the model at higher temperatures. The rate of decomposition is magnified with 
temperature and the model was also able to capture the decomposition behaviour. Thus at 
280˚C, xylulose is immediately removed from the product solution.  
 
The furfural formation in Figure 5.11 suggests that this rate is strongly affected by 
temperature since the furfural yield almost doubles at constant time with every 20˚C increase 
up to 260˚C. At 280˚C, the yield reached its maximum at 20s and appears to remain constant 
with time. By extrapolating the furfural yields at 260˚C and 280˚C, it can be seen that the 
furfural yield 260˚C will be higher with longer reaction times. Therefore, 260˚C is the 
optimum temperature for highest furfural yield under SCW conditions. 
 
Figure 5.11Aa represents the propagation of acetic acid. The model agrees well with the 
experimental data at 220˚C, 240˚C and 260˚C. However, the model seems to significantly 
under-estimate the yield of acetic acid in Figure 5.11Aa at the latter stage (>15s) of xylose 
decomposition at 280˚C. The underestimations in the model may be attributable to at least 
one of the following possible reasons: (1) an unknown reaction channel of xylose 
decomposition that is only important at high xylose conversion (corresponding to low 
solution pH). One possibility of such a reaction channel is water-assisted erythrose hydrolysis 
which was not considered in this model; (2) an under-prediction of either the rate constant of 
k6 or k13.  
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Lactic acid yield in Figure 5.11La remained <10% for all the conditions, studied and the yield 
continued to increase with increasing reaction time and temperature. Between temperatures 
220-260˚C, the lactic acid yield increased gradually with time. The product profiles also 
show that at 280˚C there is a significant acceleration in the lactic acid production. Lactic acid 
yield is mainly dependent on the reactivity of methylglyoxal (k7) and erythrose (k11).The 
calculated rate constant of reaction 7, ܯ݁ݐ݄ ൅ ܪଶܱ ⇌ ܮܽ   shows that it is very low in the range 
of 10–3 compared to erythrose which varies in the range of 0.1-7 when the temperature is 
increased from 220˚C to 280˚C.  Therefore the significant acceleration of lactic acid yield is 
due to the rapid acceleration of reaction11. 
 
In addition to the comparisons made on the major components shown in Figure 5.11, it is also 
found that the developed kinetic model is able to reproduce the formation of low yield (<1%) 
products, such as glycolic acid and erythrose under the conditions selected as shown in 
Figure 5.11Gly and 5.11Ery. Erythrose decomposed immediately to secondary products as 
produced suggesting that erythrose is highly reactive under SCW conditions. 
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Figure 5.11 Influence of temperature and reaction time on product yields at 220˚C, 240˚C, 
260˚C, 280˚C, 200 bar. Experimental data are shown by symbols (■) xylulose, (♦) furfural, 
(▲) acetic acid, (ж) lactic acid, (●) glycolic acid and (-) erythrose. 
 
The model results of glycolaldehyde and glyceraldehyde yields are plotted in Figure 5.12 a) 
and b) with respect to reaction time and temperature. It is seen that glycolaldehyde has a low 
yield under the experimented conditions. It is also seen that the decomposition of 
glycolaldehyde increased with increasing temperature. At 280˚C, it almost immediately 
decomposed under SCW conditions. 
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Figure 5.12 Influence of temperature and reaction time on a) glycolaldehyde, b) 
glyceraldehyde yields at 220˚C, 240˚C, 260˚C, 280˚C and 200 bar 
 
The maximum glyceraldehyde yield under SCW conditions decomposition of xylose was 
estimated to be 16%. It is observed from the estimates that the glyceraldehyde yield is 
significantly influenced by the reaction temperature. Therefore, with increasing temperature, 
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the retro-aldol condensation becomes prominent under SCW conditions. This is also further 
supported by a comparatively lower selectivity towards dehydration to furfural at 280˚C. 
However, at higher temperatures (>240˚C), glyceraldehyde also starts to decompose with a 
simultaneous increase in organic acid content. The modelling results suggest that retro-aldol 
products are primarily accountable for the production of acetic and lactic acid. 
 
To further validate the kinetic model, the model predictions were also compared with 
published experimental data in Figure 5.13. This selected literature is the work of Aida et al. 
at 350˚C, 400 bar, in continuous flow reactor. The figure plots the residual xylose, xylulose 
and furfural yields on % carbon basis (Y-axis) against reaction times (X-axis).  
 
Figure 5.13 Comparison between the experimental data of xylose conversion (symbols) 
collected from work of Aida et al [111]  and modelling predictions (solid lines) as a function 
of reaction time 
The results of our modelling are presented in solid lines, and the literature data are plotted in 
symbols. The uncertainties of the literature data are not provided in the figure as they were 
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not reported.  Figure 5.13 shows that the model predictions for xylose decomposition and 
product yields of furfural and xylulose are consistent with literature data at higher 
temperatures and shorter reaction times. 
 
5.3.4 Kinetic analysis 
This section focuses on examining the performance of the model using local sensitivity 
analysis, State of Balance (SOB) and Rate of Progress (ROP). The local sensitivity analysis 
was performed at 220˚C, 200 bar and 36s, as well as 280˚C, 200 bar and 2.8s in order to 
identify the reaction channels with significant impact on the model predictions. Under these 
two conditions, a xylose conversion of ~50% is predicted by the kinetic model and is found 
also in the experimental data. The sensitivity coefficients for the concentrations of xylose, 
furfural, xylulose, acetic acid and lactic acid with respect to the forward rate constants and 
reverse rate constants are calculated, and the coefficients with their absolute values over 
0.001 are presented in the following section.  
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(b) Sensitivity coefficients for xylulose  
 
(c) Sensitivity coefficients for furfural  
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(d) Sensitivity coefficients for acetic acid  
 
(e) Sensitivity coefficients for lactic acid  
Figure 5.14 Sensitivity coefficients for the concentrations of xylose, xylulose, furfural, acetic 
acid and lactic acid with respect to the forward and reverse rate constants of each reaction at 
220˚C, 200 bar and 36s (red); and 280˚C, 200 bar and 2.8s (blue). Numbers used in X-axis 
with forward rate constant (k) correspond to the reactions listed in kinetic model development 
section.  
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Inspection of Figure 5.14 shows that the concentration of xylose is sensitive to the forward 
rate constants of reactions 1, 2, 10 and 14. The sensitivity coefficients in Figure 5.14(a) 
indicate that the yield of xylose is primarily affected by reaction 2 (retro-aldol condensation 
of xylose). The significance of reaction 2 increases with increasing temperature while the 
sensitivity coefficients towards the other products decrease. The forward rate constant of 
reaction 1, corresponding to the isomerisation of xylose to xylulose, has only slightly impacts 
the concentration of xylose and thus affects the furfural yield. Not surprisingly, the 
thermodynamics of these reactions have little impact on the modelling predictions (the 
sensitivity coefficients of the reverse reactions are all smaller than 10–4).  
 
Figure 5.14(b) shows that the yield of xylulose is mainly influenced by reactions 1 and 12 
corresponding to xylulose formation from xylose isomerisation and xylulose dehydration to 
furfural. The effect of reaction 1 decreases while that of reaction 12 increases with increasing 
reaction temperature. The importance of these two reactions to the concentrations of xylulose 
and furfural arises from their effects on the formation of retro-aldol products that in turn 
controls the yields of both. 
 
In our kinetic model, furfural can be produced from either reaction 10 (dehydration of xylose) 
or reaction 12 (dehydration of xylulose). Sensitivity analysis indicates that reaction 10 is 
more significant to the formation of furfural than reaction 12, as shown in Figure 5.14(c). 
However, the sensitivity of reaction 10 decreases at higher temperatures, consistent with the 
positive sensitivity coefficient of k2, since higher yield of retro-aldol products limits the 
formation of furfural. 
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Both the formation of acetic acid and lactic acid in Figure 5.14(d) and (e) are sensitive to 
reactions 2, 13 and 9, respectively. Although acetic acid is also produced via reaction 6, the 
contribution through that pathway is insignificant. Lactic acid is mainly produced through 
erythrose decomposition, and the sensitivity increases slightly with increasing temperature. 
 
5.3.3.3 Mechanism of xylose decomposition 
The SOB (described in section 4.2.3) of each reaction in xylose decomposition are calculated 
at 220˚C, 200 bar and 36s, as well as at 280˚C, 200 bar and 2.8s, as presented in Figure 5.15. 
The reactions are presented in the Y-axis. As shown in the figure, the SOB values of most 
reactions (except reactions of xylose isomerisation to xylulose, glyceraldehyde isomerisation 
to DHA and retro-aldol condensation to erythrose) in xylose decomposition are close to 1, 
indicating these reactions proceed predominantly in forward direction. Although 
isomerisation of xylose to xylulose also occurs in the forward direction, the reverse rate of 
this reaction seems to be more pronounced than that of other reactions. The reaction 
conditions have a significant impact on the SOB of isomerisation. Similarly glyceraldehyde 
isomerisation and xylose conversion to erythrose proceed in both forward and reverse 
directions, but for these reactions there is little impact of reaction conditions. 
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Figure 5.15 State of balance analysis of each reaction in xylose decomposition at 220˚C, 200 
bar and 36s (blue) as well as 280˚C, 200 bar and 2.8s (red) 
 
A schematic mechanism of xylose decomposition under SCW can be obtained by interpreting 
the model results (Figure 5.10 and 5.11) and computing ROP (from equation E 4.17) of each 
reaction. As shown in Figure 5.16, xylose decomposition proceeds mainly through three 
channels: the retro-aldol condensation of xylose to glyceraldehyde and glycolaldehyde, 
dehydration to furfural and fragmentation to other compounds. The retro-aldol condensation 
of xylose to produce glyceraldehyde and glycolaldehyde accounts for the majority of xylose 
decomposition. The contribution of retro aldol condensation to xylose concentration is almost 
double comparing to the contribution from dehydration.  
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Figure 5.16 Schematic mechanism of xylose decomposition under subcritical water 
conditions 
 
It was noted that acetic acid is primarily produced via glycolaldehyde composition compared 
to methylglyoxal under the experimented conditions and the contribution is > 85% for all the 
cases. The decomposition of xylose to others is also an important channel that contributes to 
30% xylose decomposition. Isomerisation of xylose to xylulose is found to be a minor 
reaction pathway. Thus, the contribution from xylulose to furfural yield is found to be less 
than 10% although xylulose is decomposed faster to xylose under SCW conditions.   
 
5.4 Summary 
Under the investigated experimental conditions, 100% xylose conversion was observed 
within 25s at 280˚C. The overall xylose decomposition was observed to follow first-order 
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reaction kinetics. Acetic acid was one of the abundant intermediates, with highest carbon 
yields in the range of 18-20%. The maximum yield of furfural was 20%, obtained at 260˚C 
and 36s, while erythrose and glycolic acid were produced in low concentrations (<1%). The 
formation of furanics was found to be favoured at 260˚C. 
 
The pH of product solutions from each experiment was measured at room temperature, 
showing that it decreased dramatically to ~3.5 from 5.85 at early stages of xylose 
decomposition, followed by slight decrease to ~3.0 at 25s. The reaction solution pH variation 
was found to be linearly related to the conversion of xylose and independent of the reaction 
temperature. 
 
A chemical kinetic model was fitted through kinetic parameter optimisation to describe the 
process of xylose decomposition under SCW conditions.  This model was built on the basis 
of the summarised reaction mechanisms, thermodynamics and experimental data obtained in 
this thesis. The estimations of the kinetic model were examined by comparing with the 
available literature data in sub-and near-critical conditions. 
 
The comparisons showed that the kinetic model had reasonable estimations on the overall 
xylose decomposition conditions. The model was able to describe the trends of experimental 
carbon yields of xylulose, furfural, acetic acid, lactic acid, glycolic acid and erythrose. The 
studies in this chapter demonstrated that this kinetic model is useful for identifying major 
reaction pathways and products.  
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CHAPTER 6 
XYLAN DEPOLYMERISATION UNDER SUB-CRITICAL 
WATER CONDITIONS 
This chapter provides experimental and chemical kinetic modelling results of xylan 
depolymerisation to xylo-oligomers (XOs), sugars, organic acids and aldehydes under Sub-
Critical Water (SCW) conditions. Experimental results of xylan depolymerisation at 150˚C -
260˚C, between 90-150 bar and between 2 min and 60 min are presented in this chapter. The 
new contribution of the present study rests in the development of a kinetic model that follows 
the formation of XOs of xylan of different molecular weights. For this, a method using size 
exclusion chromatography was developed (Chapter 3) to quantify XOs as a function of 
process conditions.  
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6.1 Product Analysis 
Xylan was depolymerised in a small batch reactor under SCW conditions. The batch reactor 
set up and experimental methodology was described in detail in Chapter 3.  
 
Identification and quantification of species produced during xylan depolymerisation was 
made with a combination of Mass Chromatography/Mass Spectroscopy (GC/MS) and High 
Performance liquid Chromatography (HPLC). Quantification of the reactants and products of 
reaction were carried out with a HPLC equipped with Evaporative Light Scattering Detector 
(ELSD) and Ultraviolet (UV) detector at 210 nm and 280 nm as described in Chapter 3.  
 
Figure 6.1 shows typical HPLC/UV chromatograms on High Plex H+ column at 210 nm and 
280 nm of xylan product solution depolymerised at 200˚C and 150 bar for 25min. The UV 
chromatogram at 210 nm shows at least 24 peaks in less than 60-min retention time, some of 
which could not be clearly separated from each other. Glyceraldehyde, glycolic acid, formic 
acid, acetic acid and levulinic acid were identified and quantified at retention times of 14.8, 
15.8, 17.7, 19.1 and 21.2 minutes, respectively. Due to the proximity between the peaks, 
lactic acid and propionic acid at retention times of 16.6 and 23.1 minutes, respectively, were 
identified but not quantified. Additional peaks in this chromatogram could not be identified 
either using HPLC or GC/MS. 
 
The UV chromatogram at 280nm shows three peaks at 36.8, 54.8 and 59.0 minutes; 5-HMF 
and furfural are responsible for the signals at 36.5 minutes and 54.8 minutes. The peak at 59.0 
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minutes could not be identified with HPLC or GC-MS. The concentration of 5-HMF was 
measured to be very small (in the order of 5-10 ppm) and is not used for further analysis.  
 
 
Figure 6.1 Typical HPLC-UV chromatogram at 210 nm and 280 nm of a solution of 0.5% 
xylan which was depolymerised in water at 200˚C, 150 bar for 25 minutes    
 
Figure 6.2 shows typical HPLC/ELSD chromatograms of a 0.5wt.% xylan solution 
depolymerised at 240˚C and 150 bar for: a) 10 minutes, b) 2 min, and c) for 0.5wt.% xylan 
initial solution. The peaks from HPLC/ELSD chromatogram in Figure 6.2a), at 18.3, 21.9, 
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23.5 and 29.8 minutes are identified as coming from cellobiose, glucose, xylose and fructose 
respectively. Significant concentrations of xylose was detected (650-800 mg L–1), very small 
concentrations of cellobiose, glucose and fructose (<50 mg L–1) are detected. Other peaks at 
16.3, 22.5, 26.3 minutes could not be identified using either HPLC/ELSD or GC/MS. 
 
Figure 6.2 b) and c) present a typical HPLC/ELSD chromatogram using the size exclusion 
column (SEC) of a xylan solution reacted for 2 minat 240˚C and xylan unreacted sample to 
show the initial xylan peak. Figure 6.2b) shows a well-defined peak at 9.8 minutes assigned 
to XO of molecular weight (Mw) between 147,600 and 100,300g mol–1(XO1). Three 
additional peaks at 16.7, 17.5 and 25.1minutes are assigned to XO of Mw with a range 1270-
1010 g mol–1 (XO2), 620-580 g mol–1(XO3) and 315-285g mol–1(XO4), respectively. The 
molecular weight distributions were obtained through calibration of dextran standards of 
different molecular weight ranges prior to xylan runs as described in Chapter 3. 
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Figure 6.2 Typical HPLC chromatogram of xylan decomposition at 240˚C, 150 bar and a) 10 
min b) 2 min  c) xylan un reacted sample with ELS detector.  
 
Figure 6.2c) shows the xylan peak at retention time of 7.2 minutes, and in most of the 
chromatograms of product solutions, xylan is completely decomposed under the reaction 
conditions. The peaks of XO1 and XO4 are well separated, hence quantification was accurate. 
However, XO2 and XO3 peaks overlapped with each other in some of chromatograms as in 
the one shown in Figure 6.2b. In those situations, the quantifications were made by dividing 
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the two peaks as shown in the figure and estimating the peak areas. These convoluted peaks 
were only observed when the concentrations of both XOs were >1000 mg L–1.  
 
The separation of XOs of different molecular weight has not been carried out in previous 
literature due to the inability to separate polymers dissolved in water using traditional SECs 
that work with organic mobile phases and viscosity-based measurements. Therefore, 
sensitivity towards variations in Mw such as <10,000 mg L–1 is not captured in those 
traditional systems. The SEC used in this system is capable of separating water-dissolved 
polymers.  
 
In the SEC method, retention time is sequentially increased with reducing molecular weight. 
As can be seen in Figure 6.2, according to the molecular weights from the dextran standards, 
XO4 has an average molecular weight of ~300 g mol–1 close to xylobiose and similarly XO3 
can be approximated to xylotetrose and XO2 is an oligomer comprising of 7-8 xylose 
monomers. There is a 7-minute retention time gap between XO1 and XO2 that corresponds to 
the retention times of standards of molecular weight between 100300-3000 g mol–1. 
However, peaks corresponding to those retention times were not observed in any xylan 
product solutions. 
 
6.2 Results 
6.2.1 Effects of temperature and reaction time in xylan depolymerisation 
Figure 6.3 shows the yield of xylan as a function of reaction temperature and time. As 
expected, the amount of xylan in solution decreases with increasing reaction time at constant 
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temperature, and the xylan in solution decreases as the temperature of reaction is increased at 
a constant reaction time.  
 
Inspection of the xylan yield shows that at 180ºC the time taken to change xylan yield from 
100% to 50% is approximately 12 minutes, and to further reduce to 25% is an additional 11 
minutes. The time to reach 50% xylan conversion is approximately constant, which is the 
main characteristic of a first-order reaction. Similar first-order characteristics are observed at 
200ºC and 220ºC, with reaction times to reach 50% conversion at 200˚C and 220˚C of ~7 
minutes and ~1 minute respectively. Xylan was completely depolymerised within 2 minutes 
at 240˚C, which is similar to the heating time in our batch reactor. As a result, a yield profile 
as a function of time was not possible under these conditions. 
 
Figure 6.3 Yield of xylan as a function of reaction time and reaction temperature between 
110-130 bar. The symbols represent experimental points and the dotted line is plotted to 
guide the eye. Xylan concentration was followed on weight basis. The dispersion of data 
obtained from triplicate analysis is shown in the error bars in the figure.  
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Figure 6.4 shows the first-order reaction kinetics (Ln [Yield] versus time) at 150˚C, 180˚C, 
200˚C and 220˚C. The experimental points fall on a straight line with a xylan 
depolymerisation rate constant (k) of k = 0.015 min–1, k = 0.072 min–1, k = 0.28 min–1 and k = 
0.78 min–1 at 150˚C, 180˚C, 200˚C and 220˚C, respectively. These k values were used to 
estimate a pre-exponential factor (A) and activation energy (Ea) for xylan depolymerisation 
using the Arrhenius rate expression, k = A exp (-Ea/RT). An Ea = 100.4 kJ mol–1 and A = 3.20 
× 1010 s–1 was deduced, which are in reasonable agreement with Ea values obtained in 
literature under SCW conditions for batch systems between 120-170˚C from 90-122 kJ mol–1. 
However, the pre-exponential factors showed a variation of ~102-104 compared to literature 
values of 106-1012.[20, 65, 67, 68, 192] Therefore, the overall rate constants can vary 
significantly with literature values 2-3 folds. 
  
Figure 6.4 Relationship between Ln (xylan yield) versus reaction time for xylan 
depolymerisation under Sub-Critical Water conditions.  The symbols represent experimental 
points and the lines are the best fit estimations for the experimental points. 
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Figure 6.5 presents a comparison of the kinetic data obtained in our experiments with the 
published k values of xylan depolymerisation under SCW. The literature data selected for this 
comparison were all obtained from batch since there are no published kinetic data with flow 
reactors. The reported rate constant values in literature and our measured values of xylan 
depolymerisation show differences with each other. It is due to the significant variation in the 
pre-exponential factor estimates to this experimental data.  
 
 
Figure 6.5 Arrhenius plot of xylan depolymerisation under Sub-Critical Water conditions in 
this work and reported literature data   
 
An overlay of the Arrhenius plots of xylan depolymerisation and xylose decomposition 
kinetic constants are shown in Figure 6.6. In comparison to the xylose degradation results in 
Chapter 5 to the xylan degradation, the degradation kinetics of the latter begin to have a much 
higher rate of reaction in SCW between 150˚C-260˚C, and the depolymerisation proceeds at a 
much higher rate than xylose degradation at these conditions. This necessitates more research 
into SCW depolymerisation of xylan to maximise xylose yield.  
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Figure 6.6 Arrhenius plot overlay of rate constants for xylose decomposition and xylan 
depolymerisation, where xylose (□) and xylan (♦) 
 
6.2.2 Products of xylan depolymerisation 
Figure 6.7 shows snapshots of the product solution of xylan depolymerisation at different 
reaction times at 200˚C and 240˚C. The pictures show that the colour intensity of initially 
colourless solution increases with reaction time at both temperatures. The time required to 
reach dark brown colour reduces with temperature, and the colour intensity increases with 
temperature. Further, suspended solids appear in the product solution with increasing reaction 
time and temperature. Formation of suspended solids increased with reaction time and 
temperature as well.  
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Figure 6.7 Snapshots of the product solution obtained after xylan depolymerisation under 
sub-critical water conditions at 200˚C and 240˚C 
 
The HPLC analysis showed that product mixture generated a colourless to light yellow colour 
with only Xylan and XOs in the solution. A light brown colour started to appear with 
increasing decomposition and when xylose was seen in the product. The increasing intensity 
in brown colour indicates that with time and temperature, there is formation of secondary 
products giving rise to the brown colour. A similar brown colour was observed during xylose 
decomposition due to the formation of retro-aldol products and furfural. Hence xylan 
depolymerisation also forms a similar product profile to xylose. 
  
 
The suspended solids are only seen in brown product solutions. The time taken to generate 
them varies with temperature. For example, at 200˚C, suspended solids are only observed at 
60 minutes, whereas at 240˚C suspended solids start to appear at 7 minutes. However, by this 
time all the xylan has been removed from the solution, as seen by Figure 6.2. Therefore, the 
 
240˚C 
Reaction 
time (min) 0               2              10            30               60 
Reaction 
time (min) 0               2              5               7              10 
200˚C 
143 
 
secondary products formed during xylan depolymerisation are responsible for the suspended 
solids in the product mixture. 
 
6.2.2.1 Product Distribution 
The liquid samples after xylan depolymerisation under SCW conditions contained a mixture 
of xylan, XO of different Mw small organic acids, aldehydes, furanics, dimers and monomeric 
sugars. The following section discusses the formation of different products during xylan 
depolymerisation. 
Organic Acids  
 
Figure 6.8 Acid yields in xylan depolymerisation under subcritical water as a function of 
reaction time at 200˚C, where ♦ acetic acid and ▲ other acids. The symbols represent 
experimental points, and the dashed line is drawn to guide the eye. 
 
Inspecting Figure 6.8, initial acetic acid yield at 2 minutes is 7%. It is also important to note 
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significant product during initial stages of xylan depolymerisation. Further acetic acid yield 
increases with reaction time till 10 minutes to a maximum of 18% at 200˚C and then starts to 
decrease. A similar trend is observed at higher temperatures as well.  With the decrease of 
acetic acid yield, a significant reduction in xylan is also detected. Hence the latter stages of 
xylan depolymerisation to XOs are primarily governed by acidity generated by acetic acid. 
   
In addition to acetic acid several other organic acids, namely, formic acid, lactic acid, 
levulinic acid and glycolic acid were also quantified in the product solution. Figure 6.8 shows 
the total yield of all the other organic acids as a function of time at 200˚C.  The total yield of 
those acids was ~10% in total and remained constant in the latter stages of xylan 
depolymerisation.  
 
Xylo-oligomers 
Figure 6.9 shows the reduction in xylan yield and formation of XOs as a function of reaction 
time between 200˚C and 260˚C. The figure shows that at 200˚C, XO1 which has the highest 
Mw first appears in the product solution, accumulating with time till 5 minutes, after which its 
depolymerisation rate overtakes that of its formation. Simultaneously an accumulation in XO2 
is observed with time till 12 minutes then decreases producing XO3. Finally this XO3 is 
depolymerised to XO4.  At this time, ~15% xylan remained in the product solution. Similar 
trends are observed at all temperatures. From the above observations, xylan depolymerisation 
can be explained by a two-step mechanism. 
(a) The cleavage of acetyl groups and lateral chains in xylan proceeds much faster than 
the depolymerisation of the main xylan backbone chain. Therefore, during the initial 
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hydrolysis, acetic acid is formed directly from xylan. This changes the composition of xylan 
and results in acidifying the reaction mixture. This acidification of the reaction mixture 
enhances the depolymerisation of the main xylan backbone into XOs and the 
depolymerisation proceeds. 
 
(b) The lower Mw XOs are produced from higher Mw XOs rather than via direct 
depolymerisation of xylan. The susceptibility towards depolymerisation of different 
molecular weight XOs differ. In this case, high Mw XOs readily evolve from xylan and are 
then depolymerised to lower Mw XOs and monomers. 
 
It can be seen from Figure 6.9 that at all temperatures, the maximum yields of consecutive 
XOs are obtained sequentially. Therefore, the immediate larger XO is largely responsible for 
the smaller XO. The most steady XO compound seems to be XO2 since large accumulations 
of 30-40% of weight are reached at 200-240˚C. However, at 260˚C, immediate reduction of 
XO2 is obtained.  Therefore, the reaction mechanism of xylan depolymerisation to monomers 
is largely dependent upon the reactivity of XOs with temperature. 
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Figure 6.9 Xylan depolymerisation and XO formation at 200˚C, 220˚C, 240˚C and 260˚C, 
where ● Xylan, жXO1, ■XO2, ♦XO3 and ▲XO4. The symbols represent experimental points, 
and the dashed line is drawn to guide the eye.  
XO1, XO2, XO3 and XO4 represent xylo-oligomers of molecular weight between 147600-
100300 g mol–1, 1270-1010 g mol–1, 620-580 g mol–1 and 315-285 g mol–1 respectively. 
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Xylose and furfural 
Three sugar species were identified in xylan depolymerisation under SCW. They were 
xylose, glucose and fructose. The variation in the yields of xylose and furfural at 220˚C are 
shown in Figure 6.10. 
 
 
Figure 6.10 Xylose and furfural yields in xylan depolymerisation under subcritical water as a 
function of reaction time at 220˚C, where ▲ xylose and ● furfural. The symbols represent 
experimental points, and the dashed line is drawn to guide the eye. 
 
At 220ºC xylose was the primary sugars observed in xylan depolymerisation, with fructose 
and glucose as minor components with yields of <1%. Hence they are not presented in the 
above figure. Similar trends were visible for all temperatures.  
 
One of the observations from the analysis is that a quantifiable xylose yield is only generated 
after 5 minutes at 220˚C when XO3 is present in the product mixture (Figure. 6.9). Therefore, 
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it can be concluded that monomers are not produced directly from xylan but rather are 
derived from small XOs of Mw <1000 g mol–1. 
 
At all temperatures, xylose yield increased with reaction time and then started to decrease. 
For example, xylose appeared at 5 minutes, and a decrease in xylose yield was observed after 
10 minutes at 220˚C. It is due to xylose decomposition within the product mixture with 
reaction time. In the course of the depolymerisation, the xylose fractions decrease rapidly 
with increasing time and temperature with the presence of other organic acids and aldehydes, 
such as lactic acid, succinic acid glyceraldehyde, glycoaldehyde, and furfural, suggesting 
xylose conversion to secondary products in the product mixture. 
 
Figure 6.10 shows that furfural formation is only observed after xylose is produced in the 
product solution. Furfural yield increases with reaction time. The increase in the furfural 
yield with the temperature is observed from 200˚C to 240˚C. At 260ºC, there is an 
instantaneous high yield of furfural followed by a decrease. This decrease can be due to two 
reasons: (i) change in selectivity towards furfural during xylose decomposition, or (ii) 
furfural decomposition at higher temperatures (>260˚C). However, the increased yields of 
other organic acids and unidentified liquid products suggest a change in reaction pathway of 
xylose with temperature. A similar pattern is observed with xylose decomposition in Chapter 
5.  
To get some insight of possible reactions starting from furfural analogous reactions to xylan 
were performed under similar conditions. There was very little decomposition of furfural 
even at 300˚C, with a conversion less than 30% at 20 minutes. Furfural decomposition also 
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followed first order reaction kinetics under SCW condition. The apparent activation energy 
(Ea) and pre-exponential factor (A) for the overall decomposition of furfural under SCW 
conditions were determined to be 87.5 kJ mol–1 and 2.2× 106 min–1, respectively. The product 
distribution could not be analysed using the available analytical techniques. 
 
6.2.3 Variation in pH of the xylan solution 
The pH of xylan and product solution collected from each experiment was measured at room 
temperature. Figure 6.11 shows the measured pH of the product solutions as a function of 
reaction time for different processing temperatures. The pH of the feed solution (at reaction 
time of zero minutes) is ~ 6.25. The pH of the product samples vary from 5.5 to 3.8. The pH 
values of the products are lower than that of the feed solution due to the presence of organic 
acids in the liquid. At a constant temperature, the pH decreases as the reaction time increases. 
At constant reaction time, the pH decreases when the process temperature is increased. The 
minimum values of pH at 150˚C and 180˚C after 30 minutes of reaction time are 5.4 and 4.6, 
respectively, with a tendency to decrease if the reaction time is increased, possibly because of 
incomplete xylan depolymerisation after 30 minutes.  
 
The pH value was measured up to 60 minutes of reaction time at 200˚C to observe the lower 
limit of pH values of the product sample. It is important to remember that at 30 minutes at 
200˚C, xylan has 100 % depolymerised and any decrease in pH after 30 min is due to further 
decomposition of low molecular weight organic products to acids. At 20 minutes, the pH is 
4.2 and after 40 minutes, the pH value decreases to 3.8 and remains relatively constant at that 
value with an increase in reaction time. The decrease in pH is more pronounced in the 
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presence of xylan than in the presence of low molecular weight organic products. The pH of 
sample products of xylan depolymerisation at 220˚C, 240˚C and 260˚C reach values of ~3.8, 
similar to those observed at 200˚C above 40 min.  
 
Figure 6.11 The pH variation of the xylan feed and product solutions as a function of reaction 
time at ж150˚C, x 180˚C, ♦200˚C, ■220˚C, ▲ 240˚C, and ● 260˚C  
 
Figure 6.12 presents the pH variation of the product solution as a function of the conversion 
of xylan between 150˚C and 220˚C. The reaction solution pH variation seems to follow a 
linear relation with the conversion of xylan, and the reaction temperature has a negligible 
effect on the pH for xylan conversions between 3% and 95%.   
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Figure 6.12 The pH variation of the product samples as a function of the conversion of xylan 
(% w/w) under the conditions of ♦150˚C, 120 bar; ■180˚C, 120 bar; ▲ 200˚C, 125 bar and ● 
220˚C, 130 bar 
 
At high conversion of xylan (over 95%), the solution pH seems to deviate from the trend line. 
The deviation of solution pH under these conditions indicates a second stage of proton 
formation from the low molecular weight decomposition products of xylan depolymerisation. 
The solid line in Figure 6.10 is the linear fitting of experimental data between 3% and 95% 
xylan conversion.  The linear relationship follows equation E6.1. 
pH ൌ െ0.018X	 ൅ 6.12																																																																																																														ሺE	6.1ሻ			                      
where X represents the conversion of xylan. 
According to the best fit line, the pH of initial solution is equal to 6.12 from the intercept. 
The actual measurement of pH of the initial solution is equivalent to 6.25 at room 
temperature. The deviation between the actual measurement and the estimate from the best fit 
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line is ~2%. Therefore, the pH variation with xylan depolymerisation can be predicted 
reasonably well with E 6.1.  
The minimum concentration of organic acids generated in the system can be calculated by the 
measured pH values as well as assuming all the protons are generated from a single acid. In 
this situation, it is most suitable to assume that acetic acid is generated in the highest volumes 
according to the pH of the solution. Therefore, the minimum acids concentration could be 
estimated. 
 The concentration of acetic acid can be calculated from the solution pH and pKa of acetic 
acid by equation E6.2 which corresponds to the minimum acid concentration in the product 
solution.  
pKa ൌ 	െlogଵ଴ ቀ ሾୌ
శሿሾେୌయେ୓୓షሿ
ሾେୌయେ୓୓ୌሿ౐ିሾେୌయେ୓୓ୌሿీቁ																																																																														ሺE. 6.2ሻ  
 
In equation 6.2, pKa is the negative logarithm of the dissociation constant of acetic acid. [H+] 
and [CH3COO–] are the concentration of proton (H+) and the conjugate base (CH3COO–) of 
dissociated acetic acid. [CH3COOH]T and [CH3COOH]D represent the gross concentration of 
acetic acid in the solution and the concentration of the dissociated acetic acid respectively. 
According to the above assumption, [H+] is equal to [CH3COO–] and [CH3COOH]D  since 
each dissociated molecule of acetic acid generates a proton and a conjugate base. The pKa of 
acetic acid is 4.76 at 298.15K and 1 atm.[193] The [CH3COOH]T  (equal to the minimum 
acid concentration) corresponding to the solution pH of  4.6 and 3.8 were computed to be 
0.97and 1.89 mmol L–1, corresponding to the carbon content of 12-22% in our experiments. 
The corresponding quantified total acid contents were in the range from 14.5% to 28.3%. 
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Hence, the calculated acid content is the lower limit of carbon content by acids at a particular 
xylan conversion, as most of the other produced acids  other than formic acid are both weaker  
than acetic acid and have more carbons and  the yield of formic acid was < 5% for all cases. 
 
6.3 Kinetic modelling of xylan decomposition 
A new reaction mechanism for xylan depolymerisation under SCW is proposed based on the 
experimental observations obtained in this thesis. The proposed reaction mechanism 
presented in this chapter has taken into consideration the xylan depolymerisation to XOs and 
gradual XO conversion to monomers, which has not been studied in previous scientific 
literature, but provides significant insights to understanding the actual depolymerisation 
mechanism and identification of the relatively stable intermediate XOs in depolymerisation. 
 
Figure 6.13 shows the proposed reaction scheme for xylan depolymerisation under SCW.  In 
this scheme, xylan depolymerisation involves lateral deacetylation to acids and 
depolymerisation to xylo-oligomers (XOs). The XOs are then depolymerised to shorter chain 
XOs that break down to xylose (xyl). Xylose then further decomposes following the reaction 
pathways described in detail in Chapters 4 and 5.  That is, decomposition to glyceraldehyde 
(Gle), glycoaldehyde (Glo), DHA, xylulose (Xyu), erythrose (Ery), furfural (Ff), glycolic 
acid (Gly), acetic acid (Aa), lactic acid (La), methylglyoxal (Meth), formaldehyde (Fo), 
methanol (Me), decomposition products of XO4 (DP), unidentified compounds (others) and 
furfural decomposition products (PP). 
154 
 
 
Figure 6.13 Proposed xylan depolymerisation reaction mechanism. XO1, XO2, XO3 and XO4 
represent xylo-oligomers of molecular weight between 147600-100300 g mol–1, 1270-1010 g 
mol–1, 620-580 g mol–1 and 315-285 g mol–1respectively. 
 
A depolymerisation kinetic model is developed based upon the reaction mechanism presented 
above. Optimisation of the model was based on the following species that were quantified 
during our experiments: xylan, XO1, XO2, XO3, XO4, and xylose. Xylose and DHA 
decomposition kinetic parameters obtained in Chapters 4 and 5 were used after adjusting for 
weight basis. 
 
6.3.1 Development of kinetic model 
Xylan depolymerisation reactions were developed on weight basis, and equations were 
balanced according to experimental observations. The developed kinetic model consists of 13 
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reversible and 10 irreversible aqueous phase reactions, which are listed in the following 
section. The individual mass balances for the reactive components in the system are described 
by reactions R 6.1- R 6.22. 
Xylan					 			௞భሱۛሮ 				0.95	 ∙ XOଵ ൅ 		0.05 ∙ acids  (R 6.1) 
Xylan					 			௞మሱۛሮ 				acids  (R 6.2) 
	XOଵ 					 					௞యሱۛሮ 			0.9 ∙ 	XOଶ ൅ 		0.1 ∙ acids  (R 6.3) 
XOଶ 						 				௞రሱۛሮ 				XOଷ  (R 6.4) 
XOଷ 					 					௞ఱሱۛሮ 				XOସ  (R 6.5) 
XOସ 				 					௞లሱۛ ሮ 					X  (R 6.6) 
XOଷ 					 					௞ళሱۛ ሮ 				X  (R 6.7) 
Xyl					 				௞ఴ೑ርۛ ሮ 					Ff		 ൅ 	3HଶO  (R 6.8) 
Xyl 									௞వ೑ርۛሮ 							Gle ൅ Glo  (R 6.9) 
XOସ 				 				௞భబሱۛ ሮۛ 				DP  (R 6.10) 
Ff			 							௞భభሱۛ ሮ 					Products  (R 6.11) 
Xyl 							௞భమ೑ርۛ ሮ 					Xyu						 	   (R 6.12) 
Gle 						௞భయ೑ርۛሮ 					DHA    (R 6.13) 
Gle 					୩భర೑ርۛሮ 							Meth	 ൅	HଶO   (R 6.14) 
DHA 				௞భఱ೑ርۛሮ 				Meth	 ൅ HଶO   (R 6.15) 
Meth ൅	HଶO 		
௞భల೑ርۛሮ 			Aa ൅ Fo   (R 6.16) 
Meth ൅	HଶO 			
	௞భళ೑ርۛሮ 		La   (R 6.17) 
DHA	 ൅	HଶO 			
	௞భఴ೑ርۛሮ 		 Gly	 ൅ Me   (R 6.18) 
Xyl 						௞భవ೑ርۛ ሮ 			Ery ൅ Fo   (R 6.19) 
Ery	 		௞మబሱۛሮ 		La ൅ Fo   (R 6.20) 
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Xyu		 ௞మభ೑ርۛሮ 			Ff	 ൅ 	3HଶO   (R 6.21) 
Glo		 ௞మమ೑ርۛሮ 				Aa    (R 6.22) 
X 		୩మయሱሮ 		Other   (R 6.23) 
The concentration of each species as a function of time can be expressed in terms of the 
following differential equations:  
࡯ሶ ࢄ࢟࢒ࢇ࢔ ൌ െሺ݇ଵ൅݇ଶሻ ∙ ܥ௫௬௟௔௡  (E 6.3) 
࡯ሶ ࢄࡻ૚ ൌ 		0.95 ∙ ݇ଵ ∙ ܥ௫௬௟௔௡ 	െ	݇ଷ ∙ ܥ௑ைభ   (E 6.4) 
࡯ሶ ࢄࡻ૛ ൌ 	0.9 ∙ ݇ଷ ∙ ܥ௑ைభ െ ݇ସ ∙ ܥ௑ைమ   (E 6.5) 
࡯ሶ ࢇࢉ࢏ࢊ࢙ ൌ 		݇ଶ ∙ ܥ௫௬௟௔௡ ൅ 0.05 ∙ ݇ଵ ∙ ܥ௑௬௟ ൅ 0.1 ∙ ݇ଷ ∙ ܥ௑ைభ   (E 6.6) 
࡯ሶ ࢄࡻ૜ ൌ 		݇ସ ∙ ܥ௑ைమ െ ݇ହ ∙ ܥ௑ைయ 	െ ݇଻ ∙ ܥ௑ைయ   (E 6.7) 
࡯ሶ ࢄࡻ૝ ൌ 		݇ହ ∙ ܥ௑ைయ െ	 		݇଺ ∙ ܥ௑ைర	 െ 		݇ଵ଴ ∙ ܥ௑ைర   (E 6.8) 
࡯ሶ ࢄ࢟࢒ ൌ 		݇଺ ∙ ܥ௑ைర ൅ 		݇଻ ∙ ܥ௑ைయ െ ሺ	଼݇௙൅	݇ଽ௙ ൅ ݇ଵଶ௙ ൅ ݇ଵଽ௙ሻ ∙ ܥ௑௬௟ ൅ ሺ݇ଵଶ௙ ܭଵଶ⁄ ሻ ∙ ܥ௑௬௨ ൅
																	ሺ݇ଽ௙ ܭଽ⁄ ሻ ∙ ܥீ௟௘ ∙ ܥீ௟௢ ൅	ሺ଼݇௙ ܭ଼⁄ ሻ ∙ ܥி௨௥ ∙ ሺܥுమைሻଷ െ ሺ݇ଵଽ௙ ܭଵଽ⁄ ሻ ∙ ܥா௥௬ ∙ ܥி௢  
(E 6.9) 
࡯ሶ ࡲࢌ ൌ 		଼݇௙ ∙ ܥ௑௬௟ െ	൫଼݇௙ ܭ଼⁄ ൯ ∙ ܥி௨௥ ∙ ሺܥுమைሻଷ ൅ ݇ଶଵ௙ ∙ ܥ௑௬௨ െ ሺ݇ଶଵ௙ ܭଶଵ⁄ ሻ ∙ ܥி௨௥ ∙
														ሺܥுమைሻଷ െ ݇ଵଵ ∙ ܥி௨௥  
(E 6.10) 
࡯ሶ ࢄ࢛࢟ ൌ 	݇ଵଶ௙ ∙ ܥ௑௬௟ െ ൫ሺ݇ଵଶ௙ ܭଵଶሻ⁄ ൅ ݇ଶଵ௙൯ ∙ ܥ௑௬௨ ൅ ሺ݇ଶଵ௙ ܭଶଵሻ⁄ ∙ ܥி௨௙ ∗ ሺܥுమைሻଷ  (E 6.11) 
࡯ሶ ࡰࡼ ൌ 	 		݇ଵ଴ ∙ ܥ௑ைర   (E 6.12) 
࡯ሶ ࡼࡼ ൌ 		݇ଵଵ ∙ ܥி௨௥    (E 6.13) 
࡯ሶ ࡳ࢒ࢋ ൌ ݇ଽ௙ ∙ ܥ௑௬௟ െ	൫݇ଽ௙ ܭଽ⁄ ൯ ∙ ܥீ௟௘ ∙ ܥீ௟௢ െ ݇ଵଷ௙ ∙ ܥீ௟௘ ൅ ൫݇ଵଷ௙ ܭଵଷ⁄ ൯ ∙ ܥ஽ு஺ 	െ ݇ଵସ௙ ∙
														ܥீ௟௘ ൅ ሺ݇ଵସ௙ ܭଵସ⁄ ሻ ∙ ܥெ௘௧௛ ∙ ܥுమை  
(E 6.14) 
࡯ሶ ࡰࡴ࡭ ൌ ݇ଵଷ௙ ∙ ܥீ௟௘ െ	൫݇ଵଷ௙ ܭଵଷ⁄ ൯ ∙ ܥ஽ு஺ െ ݇ଵହ௙ ∙ ܥ஽ு஺ ൅ ൫݇ଵହ௙ ܭଵହ⁄ ൯ ∙ ܥெ௘௧௛ ∙ ܥுమை െ
															݇ଵ଼௙ ∙ ܥ஽ு஺ ∙ ܥுమை ൅ ሺ݇ଵ଼௙ ܭଵ଼⁄ ሻ ∙ ܥீ௟௬ ∙ ܥெ௘  
(E 6.15) 
࡯ሶ ࡹࢋ࢚ࢎ ൌ ݇ଵସ௙ ∙ ܥீ௟௘ ൅ ݇ଵହ௙ ∙ ܥ஽ு஺ െ ൫݇ଵସ௙ ܭଵସ⁄ ൯ ∙ ܥெ௘௧௛ ∙ ܥுమை െ ൫݇ଵହ௙ ܭଵହ⁄ ൯ ∙ ܥெ௘௧௛ ∙
																ܥுమை െ ݇ଵ଺௙ ∙ ܥெ௘௧௛ ∙ ܥுమை ൅ ൫݇ଵ଺௙ ܭଵ଺⁄ ൯ ∙ ܥ஺௔ ∙ ܥி௢ െ ݇ଵ଻௙ ∙ ܥெ௘௧௛ ∙ ܥுమை ൅
																ሺ݇ଵ଻௙ ܭଵ଻⁄ ሻ ∙ ܥ௅௔  
(E 6.16) 
࡯ሶ ࡳ࢒࢕ ൌ ݇ଽ௙ ∙ ܥ௑௬௟ െ ൫݇ଽ௙ ܭଽ⁄ ൯ ∙ ܥீ௟௘ ∙ ܥீ௟௢ െ ݇ଵ଺௙ ∙ ܥீ௟௢ ൅ ሺ݇ଵ଺௙ ܭଵ଺⁄ ሻ ∙ ܥ஺௔   (E 6.17) 
࡯ሶ ࡭ࢇ ൌ ݇ଵ଺௙ ∙ ܥெ௘௧௛ െ ൫݇ଵ଺௙ ܭଵ଺⁄ ൯ ∙ C୅ୟ ∙ C୊୭ ൅ ݇ଶଶ௙ ∙ Cୋ୪୭ െ ሺ݇ଶଶ௙ ܭଶଶ⁄ ሻ ∙ C୅ୟ   (E 6.18) 
࡯ሶ ࡱ࢘࢟ ൌ ݇ଵଽ௙ ∙ ܥ௑௬௟ െ ൫݇ଵଽ௙ ܭଵଽ⁄ ൯ ∙ ܥா௥௬ ∙ ܥி௢ െ ݇ଶ଴ ∙ ܥா௥௬    (E 6.19) 
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࡯ሶ ࡸࢇ ൌ ݇ଵ଻௙ ∙ ܥெ௘௧௛ ∙ ܥுమை െ ሺ݇ଵ଻௙ ܭଵ଻⁄ ሻ ∙ ܥ௅௔ ൅ ݇ଶ଴ ∙ ܥா௥௬   (E 6.20) 
࡯ሶ ࡲ࢕ ൌ ݇ଵ଺௙ ∙ ܥெ௘௧௛ െ ൫݇ଵ଺௙ ܭଵ଺⁄ ൯ ∙ ܥ஺௔ ∙ ܥி௢ ൅ ݇ଶ଴ ∙ ܥா௥௬ ൅ ݇ଵଽ௙ ∙ ܥ௑ െ ሺ݇ଵଽ௙ ܭଵଽ⁄ ሻ ∙
												ܥா௥௬ ∙ ܥி௢  
(E 6.21) 
࡯ሶ ࡳ࢒࢟ ൌ ݇ଵ଴௙ ∙ ܥ஽ு஺ ∙ ܥுమை െ ሺ݇ଵ଼௙ ܭଵ଼⁄ ሻ ∙ ܥீ௟௬ ∙ ܥெ௘    (E 6.22) 
࡯ሶ ࡹࢋ ൌ ݇ଵ଼௙ ∙ ܥ஽ு஺ ∙ ܥுమை െ ሺ݇ଵ଼௙ ܭଵ଼⁄ ሻ ∙ ܥீ௟௬ ∙ ܥெ௘    (E 6.23) 
࡯ሶ ࡻ࢚ࢎ ൌ ݇ଶଷ ∙ ܥ௑௬௟    (E 6.24) 
 
where  ܥሶ௫ refers to the change in concentrations as a function of the reaction time in mg L–1.  
Xylan and water were present at the beginning of the reaction (at t = 0), and the concentration 
of all other species were equal to zero. In the model, the initial concentration of xylan was 
that used in our experiments (ሺܥݔݕ݈ܽ݊ሻ௧ୀ଴ ൌ5000 mg L–1), and the initial concentration of 
water ൫ܥுమை൯௧ୀ଴  was calculated using the density at corresponding temperature and pressure, 
for instance, 829.5 x103 mg L–1 at 240˚C and 150 bar.  
 
Optimisation of the kinetic parameters from xylan to xylose (݇ଵ to ݇଻), formation of 
unidentified decomposition products from XO4 (݇ଵ଴) and furfural decomposition (݇ଵଵ) were 
carried out using global optimisation techniques from 150˚C to 240˚C, as described in 
Chapter 3. At 260˚C, xylan destruction was very fast, and only secondary products, such as 
acids and aldehydes were obtained in the product solutions. Hence it was not used in the 
optimisation. The resulting activation energies (Ea) and pre-exponential factors (A) are shown 
in Table 6.1 with the corresponding error margins at 95% confidence interval.    
 
 
 
158 
 
Table 6.1 Arrhenius parameters for xylan depolymerisation under subcritical conditions 
Rate constant 
(min–1) 
Ea  
(kJ mol–1) 
A 
(min-1) 
A 
(+)error 
A 
(-)error 
k1 119.1 ± 5.5 2.98x1012 1.14 x 1013 1.22 x 1011 
k2 90.5 ± 10.1 1.37 x 107 4.18 x 107 4.50 x 104 
k3 106.9 ± 3.5 3.54 x 1011 2.2 x 1011 4.93 x 1012 
k4 106.2 ± 10.4 4.92 x 1010 4.62 x 1010 5.49 x 106 
k5 118.4 ± 9.3 5.20 x 1011 3.03 x 1012 4.53 x 1010 
k6 117.4 ± 9.5 1.32 x  1011 9.62 x 1013 8.39 x 109 
k7 125.4 ± 7.5 4.25 x 1012 2.67 x 1014 2.28 x 1010 
k10 124.6 ± 2.7 2.39 x 1012 7.36 x 1015 2.24 x 109 
k11 87.5 ± 4.5 2.20 x 106 1.65 x 1010 1.02 x 106 
 
Evaluation of calculated rate constants from the above kinetic parameters shows that xylan 
depolymerisation to XO1 is the fastest of all the reactions. The rate of reaction reduces with 
decreasing Mw of XO. For example, the calculated rate constants of XO3 and XO4 are 3 and 8 
times lower than for XO1. Hence smaller XOs are more stable than xylan under SCW 
conditions. Therefore, the rate-limiting step for xylose production is dependent on the 
reactivity of smaller XOs under SCW conditions, a new finding on fundamental reaction 
mechanism of xylan depolymerisation. In comparing XO4 depolymerisation to xylose (k6) 
and XO4 fragmentation to DP (k11) with increasing temperature, the fragmentation becomes 
more prominent; for example, at 200˚C the ratio of k11/k6 is 1.5 times, and at 260˚C it 
becomes 2.1. Hence to reduce fragmentation and improve the yield of xylose, the reactions 
should be controlled around 200-220˚C. 
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6.3.2 Kinetic model performance 
The performance of the optimised kinetic model is shown in Figures 6.13-6.23. In these 
figures, the modelling results are shown with straight lines and the experimental data is 
presented with the symbols. In general, the optimised kinetic model agrees well with 
experimental values with reasonable error margins.  
 
6.3.2.1 Conversion of xylan 
Figure 6.14 shows a comparison of the modelling predictions of xylan depolymerisation with 
our experimental data obtained between 150-240˚C and 120-150 bar. Inspection of Figure 
6.14 shows that model estimated values and experimental results have a good agreement with 
each other at all temperatures with maximum deviation of 15% at 200˚C and 5 minutes. This 
deviation is minimised with increasing reaction time observed by  better  fittings in the model 
and the experimental with lower error margins of <5%. The first-order reaction kinetics of 
xylan depolymerisation is observed with the fitting values. At 240˚C and 2 minutes, xylan is 
100% depolymerised, and the fitting was capable of estimating it accurately. Therefore, the 
elucidated reaction pathways satisfactorily exemplify the decomposition behaviour of xylan 
under SCW. 
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Figure 6.14 Comparison between experimental data of xylan yields (symbols) and model 
predictions (solid lines) as a function of the reaction time. The experimental data is presented 
with uncertainties of ~10%.  
 
To validate the optimised xylan decomposition kinetic parameters, a comparison was made 
with available literature data.[194] Concentrations reported for reaction under SCW by Liu et 
al. at 180˚C- 200˚C within 0-60 minutes with initial concentration of 5.5wt.% in a continuous 
flow reactor were compared. The modelling results and the experimental data are plotted in 
Figure 6.15. The triangle symbols and dashed lines refer to those at 180˚C and the circle 
symbols and dotted lines refer to those at 200˚C.  
0
20
40
60
80
100
0 10 20 30 40 50 60
X
yl
an
 Y
ie
ld
 (%
 w
t)
Reaction time (minutes)
150˚C 180˚C 200˚C
220˚C 240˚C
161 
 
 
Figure 6.15 Comparison between the experimental data of xylan  conversion (symbols) 
collected from  the work of Liu et al [194] and modelling predictions (lines) as a function of 
reaction time. Colour represents reaction conditions: 180˚C (purple) and 200˚C (blue). 
 
As shown in Figure 6.15, the predicted values are in good agreement with the corresponding 
experimental observations in literature at 180-200˚C with maximum deviation of 13%. At 
180˚C, predictions were made for longer reaction times than the experimented times in this 
thesis and the model was able to capture the behaviour at longer reaction times as well. The 
predictions of xylan yield improved with increasing temperature. Therefore, the developed 
kinetic model can predict the xylan depolymerisation well under continuous flow conditions 
as well as beyond the experimented conditions and different initial concentrations of xylan to 
this thesis. 
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6.3.2.2 Formation of xylo-oligomers (XOs) 
Figure 6.16 presents a comparison of the experimental measurements of the yields of xylo- 
oligomers with the predictions of the developed kinetic model. As shown in Figure 6.16, the 
model captures well the formation and consumption of the xylo-oligomers as a function of 
reaction time and temperature, especially for XO1, XO3, and XO4 where the predictions are 
within the experimental error bars at all temperatures and reaction times. The kinetic model 
slightly over estimates the yield of XO2 at 200˚C. However, the model is able to capture the 
trend in XO2 profile at 220˚C and 240˚C. This could be attributed to an underestimation of 
kinetic parameters of reaction 4 (XOଶ 	௞రሱሮ XOଷ). 
 
The maximum yield of XO1 remained within 20-25%, irrespective of the reaction 
temperature, at ~50% xylan conversion. For XO2, XO3 and XO4, maximum yields of ~40%, 
23% and 12%, respectively, were reached at all temperatures and maximum yields of all 
other smaller XOs were achieved after 100% xylan conversion (Figure 6.14). It is also seen 
that the maximum yields of consecutive XOs are reached in order of increasing time and 
consistent with temperature. Thus these smaller XOs are not primary products of xylan 
depolymerisation. 
 
The depolymerisation of XO1 follows immediately afterwards with a rapid increase in the 
formation of XO2, XO3 and XO4. A much slower depolymerisation rate of smaller XOs is 
observed at all temperatures. This is most prominent on XO3 and XO4, predominantly 
attributable to the higher activation energies of depolymerisation compared to the others (in 
table 6.1). 
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XO1: Molecular weight 147600-100300 g mol–1 XO2 : Molecular weight 1270-1010 g mol–1 
   
   
XO3: Molecular weight 620-580 g mol–1 XO4: Molecular weight 315-285 g mol–1 
   
Figure 6.16 Comparison between experimental data (symbols) and predicted kinetic model 
(solid lines) of yield of xylo-oligomers (XO1–XO4) as a function of reaction time and 
temperature. The experimental data is presented with uncertainties of ~10%. 
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6.3.2.3 Formation of xylose and furfural 
 
Figure 6.17 shows a comparison of the experimental xylose yield obtained in this study with 
those estimated with the model. The model can reproduce the experimental values within 5% 
deviation. It is also observed that the maximum yield of xylose was approximately 8-10% for 
all temperatures. Reaction time taken to achieve the maximum yield decreases with 
temperature and xylose decomposition gradually increases with the same producing 
secondary products.  Therefore, with increasing temperature, both rates of xylose production 
and decomposition increase. 
 
Figure 6.17 Comparison between experimental data of xylose (symbols) and model 
predictions (solid lines) using the developed kinetic model. The experimental data is 
presented with error bars. 
 
Figure 6.18 presents a comparison of the xylose yield in literature obtained by Hosseini et al 
[195]  and Liu et al [194] using continuous flow reactors with model predictions at 160 ºC, 
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180 ºC and 200ºC. Qualitative agreement is achieved between the developed model and the 
experimental data. It is observed that the experimental yields are underestimated by 1.6 times. 
However the error margins of literature data is not available, therefore the accuracy of 
experimental data is not known. 
 
Figure 6.18 Comparison between experimental data  from Hosseini et al. [194-196] and Liu 
et al. [194] of the yield of xylose (symbols) from xylan decomposition at 160˚C, 180˚C and 
200˚C and modelling predictions (lines) as a function of reaction time.  
 
Figure 6.19 plots the experimental yields and the model estimates for furfural yield under 
SCW conditions. The model predicts furfural yield reasonably well with the experimental 
data (maximum deviation of <5%). The overall furfural decomposition kinetic parameters 
were obtained from similar batch experiments under SCW. 
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Figure 6.19Comparison between experimental data of furfural (symbols) and model fittings 
(solid lines) as a function of the reaction time. The experimental data is presented with 
uncertainties of~10%.  
 
According to the experimental and optimised model, furfural yield is reduced at higher 
temperatures (>260ºC) and longer reaction times.  It could be due to decomposition of 
furfural or a change in the reaction pathway of xylose decomposition. However, during the 
furfural decomposition studies, it was revealed that furfural does not decompose extensively 
under the experimented conditions, thus reduction in the yield is primarily due to change in 
reaction pathways and increase in the fragmentation reactions. It can be concluded that for 
optimisation of furfural yield, xylan depolymerisation should be carried out at mild 
temperatures of <260ºC. 
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6.3.2.4 Model predictions on formation of other species 
Figure 6.20 and Figure 6.21 present the predicted yield profiles of glyceraldehyde, 
glycoaldehyde and lactic acid in the current model as a function of reaction time under the 
conditions of 200ºC and 120 bar as well as 240ºC and 150 bar, respectively. 
 
Figure 6.20 Predicted product yields of glyceraldehyde, glycoaldehyde and lactic acid from 
xylan depolymerisation as a function of reaction time at 200ºC and 120 bar 
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Figure 6.21 Predicted product yields of glyceraldehyde, glycoaldehyde and lactic acid from 
xylan depolymerisation as a function of reaction time at 240ºC and 150 bar 
 
As shown in the two figures, the predicted yields of glyceraldehyde, glycoaldehyde and lactic 
acids are very low with xylan depolymerisation. This can be due to the high reactivity of 
these compounds seen under SCW, as observed in Chapter 4. 
 
6.4 Summary 
Xylan can be successfully converted to XOs, monomers and their degradation products by 
depolymerisation under SCW conditions. More than 90% of xylan converts to water-soluble 
products over 200˚C. Xylan converts faster to XOs than the subsequent conversion of the 
oligomers to monomers. The mechanism of xylan breakdown at elevated temperatures is 
critical to the formation of secondary products. In the thermo-chemical xylan breakdown into 
XOs, the extent of heat treatment determines the yield of XOs and xylose. Our findings show 
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that a high yield of XOs can be achieved at comparatively lower temperature (~200˚C) in 
SCW. 
 
This liquid product mixture is composed of XOs, xylose, organic acids (acetic, formic and 
lactic acid) and furfural. Based on the product mixture, kinetic parameters were optimised to 
estimate the product yields. The degradation of the monomers is considerably faster than their 
rate production at higher temperatures. Consequently, the XO depolymerisation reaction step 
controls the overall reaction rate. Studies on XOs production from xylan are, therefore, 
important in the design of optimal depolymerisation conditions for xylan. In order to optimise 
the monomer yield of the process, it is suggested to use moderate temperatures (< 220˚C) to 
control the process effectively. 
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CHAPTER 7 
CONCLUSIONS AND RECOMMENDATIONS 
This thesis presented a comprehensive experimental study of xylan depolymerisation under 
Sub-Critical Water (SCW) conditions into xylo-oligomers (XOs), sugars, acids, aldehydes 
and furanics. Additional emphasis was placed on the decomposition of two important 
products of xylan depolymerisation, xylose and dihydroxyacetone (DHA) to understand new 
insights into chemical kinetics and reaction pathways. Analysis of data collected across a 
wide range of conditions was performed to understand the underlying mechanisms governing 
the xylan depolymerisation. The xylan depolymerisation to XOs and the effect of reverse 
reactions during sugar decomposition, which have been neglected in the past, were examined 
and incorporated to a kinetic model. 
     
Chemical kinetic analysis based on first principles of molecular modelling techniques, 
literature data and numerical optimisations, combined with experimental studies, identifies 
important reaction parameters in this complex interconnected reaction network. This chapter 
summarises the major conclusions drawn from these works and gives recommendations for 
future research in this field. 
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7.1 Conclusions 
7.1.1 Experimental design 
A high temperature and high pressure continuous flow reactor system was designed and built 
for experimental studies of xylose and DHA decomposition at short reaction times (less than 
40s). The large surface-area-to-volume ratio provides high rates of heat transfer to the 
reacting fluid eliminating long heating-up times. The quench time of ~1s provides immediate 
cooling reducing the error in reaction time estimations to less than 5%. Therefore, accurate 
temperature control and reaction time estimations were achieved for all experiments. 
Reynolds number was maintained between transient to turbulent region, and sufficient mixing 
of reactant and water was achieved. 
 
A high temperature and high pressure batch reactor system was designed and built for the 
experimental studies of xylan depolymerisation to facilitate the longer reaction time required 
for depolymerisation. The fluidised sand bed assisted to reach a heating-up time of 2 min, 
which is much faster than commercially available batch reactors, for instance 40 min heating-
up times to reach 300˚C. Accurate temperature control of the reactions was carried out with a 
thermocouple placed inside the reactor. Instantaneous cooling, ~20s, increased the accuracy 
of reaction time estimates. Therefore, examination on the effect of reaction time and 
temperature on xylan decomposition were obtained without interference of heating-up time, 
cooling time and fluid temperature measurements.   
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7.1.2Experimental study on xylan, xylose and DHA decomposition in SCW  
DHA decomposition 
C-3 intermediates, such as DHA derived during the decomposition of xylose, converts to 
secondary products at short reaction times (<25s) under SCW conditions. The concentration 
has an insignificant effect on the rate of conversion of DHA. Primary products of DHA 
decomposition are glyceraldehyde, methylglyoxal and glycolic acid, with acetic and lactic 
acid generated as secondary products. Both acetic acid and lactic acid are produced via 
methylglyoxal decomposition. Therefore, DHA decomposition follows via three pathways, 
namely dehydration to methylglyoxal, tautomerisation to glyceraldehyde and fragmentation 
to glycolic acid. 
 
Xylose Decomposition 
Starting from xylose, five pathways are prominent under SCW conditions; those are (i) 
tautomerisation to xylulose, (ii) dehydration to furfural, retro-aldol condensation to (iii) 
glyceraldehyde & glycolaldehyde, (iv) erythrose & formaldehyde plus (v) fragmentation to 
other products. Xylulose produced during the tautomerisation is also dehydrated to furfural 
under SCW conditions. Retro-aldol condensation is the prominent reaction under SCW 
conditions and the fragmentation increases with temperature above 260˚C.The retro-aldol 
products produced during the conversion are mainly accountable for the generation of acids. 
The identified acids from xylose decomposition in this study are formic acid, acetic acid, 
propionic acid, glycolic acid and lactic acid.  
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Therefore, reaction pathways in xylose decomposition can substantially be changed with 
operating conditions and the required product profiles can be obtained by carefully 
optimising process parameters. 
 
Xylan Depolymerisation 
A significant yield of acetic acid was obtained at initial stages of the reaction (<5 min) 
followed by a rapid decrease in both xylan and acetic acid due to formation of XOs. The pH 
of the product solution was measured at room temperature, showing that it decreased as the 
reaction proceeded. The variation of the product solution pH is found to be linearly related to 
the conversion of xylan and independent of the reaction temperature. The minimum acid 
concentration generated with xylan conversion was estimated with the pH variation and pKa 
of acetic acid. Generally, a good agreement was found between the estimated acid 
concentration and the measured acid concentrations, with most of the experimental data 
falling within ~30% of the estimations. 
 
Xylan depolymerisation appears to follow a two-step mechanism, i) Deacetylation of the 
lateral chains in xylan to produce acetic acid. This acidification of the reaction mixture 
enhances the depolymerisation of the xylan backbone occurring in the middle of the 
polymeric chain rather than from the sides of the chain producing larger XOs of Mw >50,000 
g mol–1. Therefore, xylose is not directly produced via of xylan depolymerisation and results 
due to a chain of depolymerisation reactions. 
ii) Depolymerisation of the produced larger XOs to smaller XOs and finally to xylose. 
Susceptibility towards depolymerisation of different molecular weight XOs are dissimilar 
under SCW conditions. In this case, xylan and XOs with high Mw (>1000g mol–1) have lower 
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stability compared to the smaller XOs. The holding-up compound is XOs with 7-8 xylose 
monomer groups.  
 
The maximum yields of xylose are in the range of ~10%, and xylose decomposition is 
activated at higher temperature. Glucose and fructose are low-abundance products (<1%) of 
xylan depolymerisation under SCW. The formation of furfural is favoured at lower 
temperatures and longer reaction times or higher temperatures and shorter reaction times, 
with the highest yields of 12%, 9% and 8% at 200˚C, at 60 min, 220˚C at 20 min, and 240˚C 
at 7 min, respectively. Temperatures above 260˚C were found to be unfavourable for furfural 
production due to the high degree of fragmentation reactions. 
 
7.1.2Kinetic modelling on xylan depolymerisation in SCW 
 A chemical kinetic model for xylan depolymerisation in SCW is proposed on the basis of the 
liquid intermediates identified during the experiments, kinetic parameters estimated using 
global optimisation technique, as well as computed & available thermodynamic parameters. 
The detailed kinetic model was developed in three sections: (i) DHA decomposition (ii) 
xylose decomposition and (iii) xylan depolymerisation.  
 
The first model of DHA decomposition describes how C-3 compounds are broken down into 
liquid intermediates by tautomerisation, dehydration and fragmentation in SCW. DHA 
decomposition follows first-order reaction kinetics under the experimented conditions, with 
dehydration as the favoured reaction. Dehydration is 4 times faster to tautomerisation under 
SCW conditions. DHA tautomerisation to glyceraldehyde is ~3.1-4 times higher than the 
reverse reaction. The dehydration product, methylglyoxal, undergoes fragmentation at 
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<280˚C while changing reaction pathways to form lactic acid via mono-hydration with 
increasing temperature. The developed kinetic model was able to reproduce well the 
tendencies of experimental observations in literature at near-critical conditions, hence a 
reliable means of predicting DHA conversion and product profiles under sub-and near-critical 
conditions. 
 
In the second kinetic model, retro-aldol condensation to glyceraldehyde and glycolaldehyde 
dominates in the xylose decomposition under SCW compared to dehydration, tautomerisation 
and fragmentation, and the sensitivity towards retro-aldol condensation increases with 
temperature. Formation of furfural is primarily through xylose decomposition compared to 
xylulose, but the sensitivity towards furfural formation is negatively affected by temperature 
above 260˚C. Acetic acid is primarily formed via glycoaldehyde decomposition compared to 
methylglyoxal decomposition and lactic acid through both erythrose and methylglyoxal. The 
sensitivity towards these fragmentation reactions increases with temperature.  
 
Both DHA and xylose decomposition models are incorporated in xylan depolymerisation, and 
both models play an important role in optimisation of xylan depolymerisation under SCW 
conditions. The predictions of the kinetic model are validated against the available 
experimental data collected from literature. The developed kinetic model is demonstrated to 
provide accurate predictions on overall xylan depolymerisation and product formation under 
SCW with a maximum uncertainty of 12%. Analysis of the kinetic model reveals that xylan is 
depolymerised into XOs prior to conversion to xylose, and these XOs are gradually converted 
to smaller XOs and finally to xylose. A comparatively high yield of XOs is obtained at lower 
temperatures of 200˚C. Consequently, the XO depolymerisation reaction step controls the 
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overall reaction rate. Therefore, neglecting the XO depolymerisation kinetics during xylan 
depolymerisation may not always be appropriated. Further, in order to optimise the monomer 
yield of the process, it is suggested to use moderate temperatures (<220˚C) to control the 
fragmentation reactions effectively. 
 
7.2 Recommendations for future work 
A number of suggestions are proposed for future work, based on the research findings of this 
thesis to develop the fundamental knowledge of xylan depolymerisation. 
Xylan breakdown 
The thesis results found that XO depolymerisation plays an important role during xylan 
depolymerisation. Therefore, understanding the decomposition pathways of XOs such as 
triose, tetrose, pentose etc. are imperative to clearly understand the behaviour of those species 
under SCW conditions. 
Organic acids are important products during xylan depolymerisation; an understanding of the 
reaction mechanisms of these acids is beneficial for developing a more sophisticated kinetic 
model for xylan under SCW conditions.  
Xylose decomposition  
The kinetic model of xylose decomposition presented in Chapter 5 of this thesis, does not 
elucidate the kinetic parameters for the production and decomposition of some organic acids, 
including propionic acids, succinic acid, and formic acid under subcritical water conditions. 
These kinetic parameters are absent in the present xylose model due to the difficulty in 
quantification using a HPLC chromatogram and GC-MS.  
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It is suggested to develop analytical methods using Ion Chromatography/Mass Spectrometry, 
to quantify these compounds and to elucidate the kinetic parameters for production and 
decomposition of these acids.  
 
Stability of furfural 
Detailed reaction kinetics on furfural polymerisation and furan ring opening would improve 
the knowledge on the tendency to furfural polymerisation under SCW conditions and 
facilitate SCW process optimisation for furfural production. 
 
Further the developed kinetic model gives the starting point for a sound process development. 
However, this model needs to be optimized and verified for other biomass feedstocks as well. 
Also large scale continuous operation should be further developed. Such a setup should be 
used to study process and equipment features such as: improved feeding and heating up, 
influence of the state of mixing on the reaction conditions, minimization and handling of 
solid products formed as well as  material selection for process equipment. 
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Appendix A 
Calibration curves used for the quantification feed and products  
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Appendix B 
MATLAB CODES FOR THE CHEMICAL KINETIC MODELS  
DHA DECOMPOSITION 
1 Function file 
%Funcition File of Kinetic Model of DHA decompsotion in SCW. 
%The kinetics of all the reactions follow the mass action law 
%Name of species:  
% Glyceraldehyde (Gle); Dihydroxyacetone (Dha); Pyruvaldehyde (Pya);  
% Acetic acid(Aa); Formaldehyde(Fo); Glycolic acid(Gly);Methanol(Meth); 
  
function y = DHA_Decomposition(time,conc) 
global k1f k2f k3f k4f k5f k6f k7f K1 K2 K3 K4 K5 K6 K7 CH2O 
  
CGle = conc(1); 
CDha = conc(2); 
CPya = conc(3); 
CAa  = conc(4); 
CLac = conc(5); 
CFo  = conc(6); 
CGly = conc(7); 
CMeth= conc(8); 
 
%Differential Equations   
 
  y = [%Glyceraldehyde 
       k1f*CDha - (k1f/K1)*CGle - k2f*CGle + (k2f/K2)*CPya*CH2O ;  
       %DHA 
       -k1f*CDha + (k1f/K1)*CGle - k3f*CDha + (k3f/K3)*CPya*CH2O... 
       - k6f*CDha*CH2O + (k6f/K6)*CGly*CMeth; 
       %Pyruvaldehyde 
       k2f*CGle +  k3f*CDha - k4f*CPya*CH2O - (k2f/K2)*CPya*CH2O ... 
       - (k3f/K3)*CPya*CH2O + (k4f/K4)*CAa*CFo - k5f*CPya*CH2O + (k5f/K5)*CLac;  
     % - k7f*CPya + (k7f/K7)*CPyax;  
       %Acetic acid 
       k4f*CPya*CH2O - (k4f/K4)*CAa*CFo ; 
       %Lactic acid 
       k5f*CPya*CH2O - (k5f/K5)*CLac ; 
       %Formaldehyde 
       k4f*CPya*CH2O - (k4f/K4)*CFo*CAa ; 
       %Glycolic acid 
       k6f*CDha*CH2O - (k6f/K6)*CGly*CMeth; 
       %Methanol 
       k6f*CDha*CH2O - (k6f/K6)*CMeth*CGly]; 
 
end 
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2 Main file 
%Main File 
clc; clear all 
global k1f k2f k3f k4f k5f k6f k7f K1 K2 K3 K4 K5 K6 K7 CH2O 
  
%Constants for calculating rate constant 
R = 0.001987094 ;   % Universal gas constant (kcal/mol.K) 
  
%Input of the Initial Conditions 
%TR = input('Please Input the Operational Temperature in Kelvin:'); 
%PR = input('Please Input the Operational Pressure in bar:'); 
%ICDHA = input('Please Input the Initial Concentration of DHA in mol/L:'); 
%ST = input('Please Input the Simulation Time in seconds:'); 
  
TR = 553.15; PR = 200; ICDHA = 0.001; ST = 25;  
Ti = TR - 273.15; 
  
% The density of water 
density = XSteam('rho_pT',PR,Ti); 
% Concentration of water 
CH2O = density/18.015268 ; 
  
%Reaction Network 
% 1. Dha <--> Gle 
% 2. Gle <--> Pya + H2O 
% 3. Dha <--> Pya + H2O 
% 4. Pya + H2O  <--> Aa + Fo 
% 5. Pyax + H2O <--> Lac 
% 6. Dha + H2O <--> Gly + Meth 
 
  
%Values of  Reaction Gibbs free energy in aqueous phase at 298K in kcal mol-1 
GDhaGle =-1.25; GGlePya = -12.6; GDhaPya = -13.9;  GPyaAa = -4.9; GPyaLa = -14.1; 
GPyaGly = 5.9; GDhaGly = -0.05; GPyaPyax = -1.9; 
  
% % Equilibrium Constants: 
K1 = exp(-(GDhaGle)/(R*TR)); 
K2 = exp(-(GGlePya)/(R*TR)); 
K3 = exp(-(GDhaPya)/(R*TR)); 
K4 = exp(-(GPyaAa)/(R*TR)); 
K5 = exp(-(GPyaLa)/(R*TR)); 
K6 = exp(-(GDhaGly)/(R*TR)); 
K7 = exp(-(GPyaPyax)/(R*TR)); 
  
% Rate constants in forward direction: 
  
k1f = (4.90*10^5)*exp(-77.41/4.184/R/TR); 
k2f = (4.79*10^5)*exp(-83.39/4.184/R/TR); 
k3f = (1.05*10^5)*exp(-65.17/4.184/R/TR);  
k4f = (3.97*10^4)*exp(-85.23/4.184/R/TR); 
k5f = (9.01*10^5)*exp(-96.97/4.184/R/TR); 
k6f = (5.45*10^5)*exp(-97.97/4.184/R/TR); 
  
  
% Rate constants in reverse direction: 
k1r = k1f/K1; 
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k2r = k2f/K2; 
k3r = k3f/K3; 
k4r = k4f/K4; 
k5r = k5f/K5; 
k6r = k6f/K6; 
k7r = k7f/K7; 
  
% Solution of Differential Equations: 
tspan = [0.0 ST]; 
%Initial Concentrations [ Gle Dha Pya Aa Lac Fo Gly Meth H2O ] 
IC = [0.0 ICDHA 0.0 0.0 0.0 0.0 0.0 0.0  ]; 
  
[time,concentration] = ode45('DHA_Decomposition',tspan,IC); 
  
E = concentration(:,1); %Glyceraldehyde 
F = concentration(:,2); %Dihydroxyacetone 
G = concentration(:,3); %Pyruvaldehyde 
H = concentration(:,4); %Acetic acid 
I = concentration(:,5); %Lactic acid 
J = concentration(:,6); %Formaldehyde 
K = concentration(:,7); %Glycolic acid 
L = concentration(:,8); %Methanol 
 
EE = 100*E/ICDHA;  
FF = 100*F/ICDHA;  
GG = 100*G/ICDHA;  
HH = 100*(2*H)/(3*ICDHA); 
II = 100*I/ICDHA; 
JJ = 100*(1*J)/(3*ICDHA); 
KK = 100*(2*K)/(3*ICDHA); 
LL = 100*(1*L)/(3*ICDHA); 
% Rate of Progress: 
ROP1 = k1f*F-k1r*E; 
ROP2 = k2f*E-k2r*G*CH2O; 
ROP3 = k3f*F-k3r*G*CH2O; 
ROP4 = k4f*G*CH2O-k4r*H.*J; 
ROP5 = k5f*G*CH2O-k5r*I; 
ROP6 = k6f*F*CH2O-k6r*K.*L; 
  
  
% State of Balance: 
SOB1 = (ROP1)./max(abs(k1f*F),abs(k1r*E)); 
SOB2 = (ROP2)./max(abs(k2f*E),abs(k2r*G*CH2O)); 
SOB3 = (ROP3)./max(abs(k3f*F),abs(k3r*G*CH2O)); 
SOB4 = (ROP4)./max(abs(k4f*G*CH2O),abs(k4r*H.*J)); 
SOB5 = (ROP5)./max(abs(k5f*G*CH2O),abs(k5r*I)); 
SOB6 = (ROP6)./max(abs(k6f*F*CH2O),abs(k6r*K.*L)); 
 
 
XYLOSE DECOMPOSITION 
1 Function file 
%Function File of Kinetic Model of Xylose Degradation in SCW. 
%Assumption: the kinetics of all the reactions follows the mass action law 
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%The summary of species:  
% 1. Xylose (Xyl); 2. Xylulose (Xyu);  3. Erythrose (Ery); 4.Glyceraldehyde (Gle); 
% 5.Dihydroxyacetone (Dha) ;  6.Pyruvaldehyde (Pya) ; 7.Glycoaldehyde(Glo); 
% 8. Furfural (Ff); 9. Acetic acid (Aa); 10.Lactic acid (Lac); 11 Formaldehyde(Fo); 
  
  
function y = Xyl_HCW_O(time,conc) 
global k1f k2f k3f k4f k5f k7f k8f  k9f k10f  k12f k13f k14f k15f  k18f 
global K1 K2 K3 K4 K5 K7 K8 K9 K10  K12  K14 K15  CH2O 
  
CXyl = conc(1);  
CXyu = conc(2); 
CGle = conc(3); 
CDha = conc(4); 
CPya = conc(5); 
CGlo = conc(4);                
CFf  = conc(5); 
CAa  = conc(8); 
CLac = conc(9); 
CGly = conc(10); 
CFo  =conc (11); 
CMeth =conc (12); 
CEry  = conc(13); 
COth  = conc(14); 
  
%Summary of the Reaction Network 
% 1. Xyl <--> Xyu 
% 2. Xyl <--> Gle +Glo 
% 3. Gle <--> Dha 
% 4. Gle <--> Pya + H2O 
% 5. Dha <--> Pya + H2O 
% 7. Xyl <--> Ff + 3H2O 
% 8. Pya + H2O <--> Aa + Fo 
% 9. Pya + H2O <--> Lac 
% 10.Dha + H2O <--> Gly +Meth 
% 12.Xyl <--> Ery + Fo 
% 13.Ery --> Lac + Fo 
% 14.Xyu  --> Ff + 3H2O 
% 15.Glo <--> Aa 
% 18.Xyl --> otehrs 
 
%Differential Equations 
y = [ %Xylose 
     -k1f*CXyl + (k1f/K1)*CXyu - k2f*CXyl + (k2f/K2)*CGle*CGlo - k7f*CXyl... 
     + (k7f/K7)*CFf*CH2O*CH2O*CH2O - k12f*CXyl + (k12f/K12)*CEry*CFo - k18f*CXyl; 
     %Xylulose 
     k1f*CXyl - (k1f/K1)*CXyu - k14f*CXyu + (k14f/K14)*CFf*CH2O*CH2O*CH2O ; 
     %Glyceraldehyde 
     k2f*CXyl - (k2f/K2)*CGle*CGlo - k3f*CGle + (k3f/K3)*CDha - k4f*CGle... 
     + (k4f/K4)*CPya*CH2O ; 
     %Dha 
     k3f*CGle - (k3f/K3)*CDha - k5f*CDha + (k5f/K5)*CPya*CH2O... 
     - k10f*CDha*CH2O + (k10f/ K10)*CGly*CMeth ; 
     %Pyruvaldehyde 
     k4f*CGle + k5f*CDha - (k4f/K4)*CPya*CH2O - (k5f/K5)*CPya*CH2O... 
     - k8f*CPya*CH2O  + (k8f/K8)*CAa*CFo - k9f*CPya*CH2O + (k9f/K9)*CLac ; 
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     %Glycoaldehyde 
     k2f*CXyl - (k2f/K2)*CGle*CGlo  - k15f*CGlo + (k15f/K15)*CAa  ;   
     %Furfural 
     k7f*CXyl - (k7f/K7)*CFf*CH2O*CH2O*CH2O  + k14f*CXyu - 
(k14f/K14)*CFf*CH2O*CH2O*CH2O ; 
     %Acetic acid 
     k8f*CPya*CH2O - (k8f/K8)*CAa*CFo + k15f*CGlo - (k15f/K15)*CAa; 
     %lactic acid 
     k9f*CPya*CH2O - (k9f/K9)*CLac + k13f*CEry ; 
     %Glycolic acid 
     k10f*CDha*CH2O - (k10f/K10)*CGly*CMeth  ; 
     %Formaldehyde 
     k8f*CPya*CH2O - (k8f/K8)*CAa*CFo + k12f*CXyl - (k12f/K12)*CEry*CFo... 
     + k13f*CEry; 
     %Methanol 
     k10f*CDha*CH2O - (k10f/K10)*CGly*CMeth ; 
     %Erythrose 
     k12f*CXyl - (k12f/K12)*CEry*CFo - k13f*CEry  ; 
      %Others 
      k18f*CXyl ]; 
end 
 
2 Main file 
%Main File 
clc 
clear all 
global k1f k2f k3f k4f k5f k6f k7f k8f k9f k10f k11f k12f k13f k14f k15f k16f k17f 
k18f 
global K1 K2 K3 K4 K5 K6 K7 K8 K9 K10 K11 K12 K13 K14 K15 K16 K17 CH2O 
  
%Constants for calculating rate constant 
R = 0.001987094 ;   % Universal gas constant (kcal/mol.K) 
  
%Input of the Initial Conditions 
% TR     = input('Please Input the Operational Temperature in Kelvin:'); 
% PR     = input('Please Input the Operational Pressure in bar:'); 
% ICXyl  = input('Please Input the Initial Concentraion of Xylose in mol/L:'); 
% ST     = input('Please Input the Simulation Time in seconds:'); 
  
TR = 533.15; PR = 200; ICXyl = 0.07; ST = 100;  
Ti = TR - 273.15; 
  
%The density of water 
density = XSteam('rho_pT',PR,Ti); 
% Concentration of water 
CH2O = density/18.015268 ; 
  
%Summary of the Reaction Network 
% 1. Xyl <--> Xyu 
% 2. Xyl <--> Gle +Glo 
% 3. Gle <--> Dha 
% 4. Gle <--> Pya + H2O 
% 5. Dha <--> Pya + H2O 
% 7. Xyl <--> Ff + 3H2O 
% 8. Pya + H2O <--> Aa + Meth 
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% 9. Pya + H2O <--> Lac 
% 10.Dha + H2O <--> Gly +Fo 
% 12.Xyl <--> Ery + Fo 
% 13.Ery --> Lac + Fo 
% 14.Xyu <--> Ff + 3H2O 
% 15.Glo <--> Aa 
% 18.Xyl --> Others 
  
  
%Values of  Reaction Gibbs free energy in aqueous phase at 298K in kcal mol-1 
GXylXyu = 1.04 ; GXylGle = -1.18 ; GGleDha = 1.25; GGlePya = -12.6;  
GDhaPya = -13.9; GPyaAa = -4.9; GPyaLa = -14.1; GPyaGly = 5.9; 
GDhaGly = -0.05; GGloEry = -2.8; GXylFf = -24.53; GXyuFf = -25.57; 
GXylEry = 15.7; GXylFa = 1.4;  GGloAa = -34.62; 
  
 
% Equilibrium Constants: 
K1 = exp(-(GXylXyu)/(R*TR)); 
K2 = exp(-(GXylGle)/(R*TR)); 
K3 = exp(-(GGleDha)/(R*TR)); 
K4 = exp(-(GGlePya)/(R*TR)); 
K5 = exp(-(GDhaPya)/(R*TR)); 
K6 = exp(-(GGloGly)/(R*TR)); 
K7 = exp(-(GXylFf)/(R*TR)); 
K8 = exp(-(GPyaAa)/(R*TR)); 
K9 = exp(-(GPyaLa)/(R*TR)); 
K10 = exp(-(GDhaGly)/(R*TR)); 
K11 = exp(-(GGloEry)/(R*TR)); 
K12 = exp(-(GXylEry)/(R*TR)); 
K13 = exp(-(GEryLac)/(R*TR)); 
K14 = exp(-(GXyuFf)/(R*TR)); 
K15 = exp(-(GGloAa)/(R*TR)); 
K16 = exp(-(GFoFa)/(R*TR)); 
K17 = exp(-(GXylFa)/(R*TR)); 
  
k1f = (5.69*10^9)*exp(-117.1/4.184/R/TR); 
k2f = (1.54*10^10)*exp(-118.6/4.184/R/TR); 
k3f = (9.23*10^5)*exp(-85.57/4.184/R/TR); 
k4f = (4.79*10^5)*exp(-83.99/4.184/R/TR);  
k5f = (1.05*10^5)*exp(-65.17/4.184/R/TR);  
k7f = (3.17*10^9)*exp(-115.24/4.184/R/TR); 
k8f = (3.97*10^4)*exp(-85.23/4.184/R/TR); 
k9f = (9.01*10^5)*exp(-96.97/4.184/R/TR); 
k10f =(5.45*10^5)*exp(-97.97/4.184/R/TR); 
k12f =(9.95*10^9)*exp(-118.71/4.184/R/TR);  
k13f =(2.70*10^10)*exp(-102.1/4.184/R/TR);  
k14f =(3.23*10^9)*exp(-110.2/4.184/R/TR); 
k15f =(8.25*10^8)*exp(-101.1/4.184/R/TR);  
k18f =(1.24*10^8)*exp(-96.81/4.184/R/TR); 
  
% Rate constants in reverse direction: 
k1r = k1f/K1; 
k2r = k2f/K2; 
k3r = k3f/K3; 
k4r = k4f/K4; 
k5r = k5f/K5; 
k7r = k7f/K7; 
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k8r = k8f/K8; 
k9r = k9f/K9; 
k10r = k10f/K10; 
k12r = k12f/K12; 
k13r = k13f/K13; 
k14r = k14f/K14; 
k17r = k17f/K17; 
  
%Solution of Differential Equations 
%Time Interval for the Intergration 
tspan = 0.0:0.05: ST ; 
  
%Initial Concentrations  
IC = [ICXyl 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0  ]; 
  
%Solving ODE 
[time,concentration] = ode45('Xyl_HCW_O',tspan,IC); 
  
% Concentration  
A = concentration(:,1); %Xylose 
B = concentration(:,2); %Xylulose 
C = concentration(:,3); %glyceraldehyde 
D = concentration(:,4); %dihydroxyacetone 
E = concentration(:,5); %pyruvaldehyde 
F = concentration(:,6); %glycoaldehyde 
G = concentration(:,7); %Furfural 
H = concentration(:,8); %Acetic acid 
I = concentration(:,9); %Lactic acid 
J = concentration(:,10); %glycolic acid 
L = concentration(:,11); %formaldehyde 
M = concentration(:,12); %methanol 
N = concentration(:,13); %erythrose 
Q = concentration(:,14); % Others 
 
% Carbon Yield   
AA = 100*(5*A)/(5*ICXyl); 
BB = 100*(5*B)/(5*ICXyl); 
CC = 100*(3*C)/(5*ICXyl); 
DD = 100*(3*D)/(5*ICXyl); 
EE = 100*(3*E)/(5*ICXyl); 
FF = 100*(2*F)/(5*ICXyl); 
GG = 100*(5*G)/(5*ICXyl); 
HH = 100*(2*H)/(5*ICXyl); 
II = 100*(3*I)/(5*ICXyl); 
JJ = 100*(2*J)/(5*ICXyl); 
LL = 100*(1*L)/(5*ICXyl); 
MM = 100*(1*M)/(5*ICXyl); 
NN = 100*(4*N)/(5*ICXyl); 
QQ = 100*(3*Q)/(5*ICXyl); 
  
 
% Rate of Progress: 
ROP1 = k1f*A - k1r*B; 
ROP2 = k2f*A - k2r*C.*F; 
ROP3 = k3f*C - k3r*D; 
ROP4 = k4f*C - k4r*E*CH2O; 
ROP5 = k5f*D - k5r*E*CH2O; 
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ROP7 = k7f*A - k7r*G*CH2O*CH2O*CH2O; 
ROP8 = k8f*E*CH2O - k8r*H.*M; 
ROP9 = k9f*E*CH2O - k9r*I; 
ROP10 = k10f*D*CH2O - k10r*J.*L; 
ROP12 = k12f*A - k12r*N.*L; 
ROP14 = k14f*B - k14r*G*CH2O*CH2O*CH2O; 
ROP15 = k15f*F -k15r*H; 
 
% State of Balance: 
SOB1 = (ROP1)./max(abs(k1f*A),abs(k1r*B)); 
SOB2 = (ROP2)./max(abs(k2f*A),abs(k2r*C.*F)); 
SOB3 = (ROP3)./max(abs(k3f*C),abs(k3r*D)); 
SOB4 = (ROP4)./max(abs(k4f*C),abs(k4r*E*CH2O)); 
SOB5 = (ROP5)./max(abs(k5f*D),abs(k5r*E*CH2O)); 
SOB7 = (ROP7)./max(abs(k7f*A),abs(k7r*G*CH2O*CH2O*CH2O)); 
SOB8 = (ROP8)./max(abs(k8f*E*CH2O),abs(k8r*H.*M)); 
SOB9 = (ROP9)./max(abs(k9f*E*CH2O), abs(k9r*I)); 
SOB10 =(ROP10)./max(abs(k10f*D*CH2O),abs(k10r*J.*L)); 
SOB12 =(ROP12)./max(abs(k12f*A),abs(k12r*N.*L)); 
SOB14 =(ROP14)./max(abs(k14f*B),abs(k14r*G*CH2O*CH2O*CH2O)); 
SOB15 =(ROP15)./max(abs(k15f*F),abs(k15r*H)); 
 
XYLAN DEPOLYMERISAITON 
1 Function file 
%Function File of Kinetic Model of Xylan depolymerisation in SCW. 
%The kinetics of all the reactions follow the mass action law 
  
 
function y =XOALL1_Decomposition(time,conc) 
global k1 k2 k3 k4  k5 k6 k7 k8 k9 k10 k11 k12 k13 k14 k15 k16 k17 
global K8 K9  K12 K13 K15  K17 CH2O 
CXyl      = conc(1); 
CXO123600 =conc(2); 
CXO1080 = conc(3); 
CAc     = conc(4); 
CXO600  = conc(5); 
CXO300  = conc(6); 
CXyl      = conc(7); 
CF      = conc(8); 
CGle    = conc(9); 
CDP     = conc(10); 
CGlo    = conc(11); 
CEry    = conc(12); 
CFo     = conc(13); 
CAA     = conc(14); 
CLA     = conc(15); 
COth    = conc(16); 
CPP     = conc(17); 
CXyu    = conc(18); 
 
%Differential Equations   
  y = [%Xylan 
       - k1*CXyl - k2*CXyl ; 
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       %XO123600 
      0.95*k1*CXyl - k3*CXO123600 ; 
       %XO1080 
       0.9*k3*CXO123600 - k4*CXO1080  ; 
       %Acids 
       k2*CXyl + 0.05*k1*CXyl + 0.1*k3*CXO123600  ; 
       %XO600 
       k4*CXO1080 - k5*CXO600 - k7*CXO600; 
      %XO300 
       k5*CXO600 - k6*CXO300 - k10*CXO300  ; 
      %xylose  
      k6*CXO300 + k7*CXO600 - k8*CXyl - k9*CXyl + (k9/K9)*CGle*CGlo - k14*CXyl -  
k15*CXyl + (k15/K15)*CEry*CFo + (k8/K8)*CF*CH2O*CH2O*CH2O  ;   
      %xylulose 
      k12*CXyl - (k12/K12)*CXyu  ; 
      %furfural 
      k8*CXyl - k11*CF - (k8/K8)*CF*CH2O*CH2O*CH2O   ; 
      %Gleceraldehyde 
      k9*CXyl - (k9/K9)*CGle*CGlo  ; 
      %DP 
       k10*CXO300 ; 
      %Glycoaldehyde 
      k9*CXyl - (k9/K9)*CGle*CGlo - k17*CGlo + (k17/K17)*CAA ; 
      %Others 
      k14*CXyl ; 
      %Erythrose 
      k15*CXyl - (k15/K15)*CEry*CFo - k16*CEry ; 
      %Formaldehyde 
      k15*CXyl - (k15/K15)*CEry*CFo + k16*CEry ; 
      %Acetic acid 
      k17*CGlo - (k17/K17)*CAA ; 
      %lactic acid 
      k16*CEry ; 
      %Polymers 
       k11*CF ]; 
       
 2 Main file     
%Main File 
clc; clear all 
  
global k1 k2 k3 k4  k5 k6 k7 k8 k9 k10 k11 k12 k13 k14 k15 k16 k17 
global K8 K9 K12 K13 K15  K17 CH2O 
  
%Constants for calculating rate constant 
R = 0.001987094 ;   % Universal gas constant (kcal/mol.K) 
  
%Input of the Initial Conditions 
%TR = input('Please Input the Operational Temperature in Kelvin:'); 
%PR = input('Please Input the Operational Pressure in bar:'); 
%ICXylan = input('Please Input the Initial Concentration of xylan in mg/L:'); 
%ST = input('Please Input the Simulation Time in minutes:'); 
TR = 473.15; PR = 200; ICXylan = 0.005; ST = 60;  
Ti = TR - 273.15; 
  
% The density of water 
density = XSteam('rho_pT',PR,Ti); 
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% Concentration of water 
CH2O = density/18.015268;  
  
%Reaction Network 
% 1. Xylan --> XO123600 +Acids 
% 2. Xylan --> Acids 
% 3. XO123600 --> XO1080 +Acids 
% 4. XO1080 --> XO600 
% 5. XO600 --> 2XO300 
% 6. XO300 --> 2xylose 
% 7. XO600  --> 4xylose 
% 8. xylose <--> furfural+ 3H2O 
% 9. xylose <--> glyceraldehyde + glycoaldehyde 
% 10. XO300 --> DP 
% 11. Furfural -->PP 
% 12. xylose <--> xylulose 
% 13. xylulose <--> furfural 
% 14. Xylose --> others 
% 15. Xylose <--> Erythrose +Fo 
% 16. Erythrose --> La + Fo 
% 17. Glycoaldehyde <--> AA 
  
%Values of  Reaction Gibbs free energy in aqueous phase at 298K in kcal mol-1 
GXF = -24.53  ; 
GXGle = -1.18 ; 
GXXyu = 1.04 ; 
GXyuF = -25.57; 
GXylEry = 15.7; 
GGloAa = -34.62; 
  
% Rate constants in forward direction: 
k1 = (2.98*10^12)*exp(-119.08/4.184/R/TR); 
k2 = (1.37*10^7)*exp(-90.5/4.184/R/TR); 
k3 = (3.54*10^11)*exp(-106.9/4.184/R/TR); 
k4 = (4.92*10^10)*exp(-106.2/4.184/R/TR); 
k5 = (5.20*10^11)*exp(-118.4/4.184/R/TR);  
k6 = (1.32*10^11)*exp(-117.4/4.184/R/TR); 
k7 = (4.25*10^12)*exp(-125.4/4.184/R/TR);   
k8 = (1.90*10^11)*exp(-115.2/4.184/R/TR);  
k9 = (9.66*10^8)*exp(-118.51/4.184/R/TR); 
k10 =(2.39*10^12)*exp(-124.62/4.184/R/TR); 
k11 =(2.2*10^6)*exp(-87.5/4.184/R/TR); 
k12 =(3.41*10^8)*exp(-117.1/4.184/R/TR); 
k13 =(1.94*10^9)*exp(-110.8/4.184/R/TR); 
k14 =(7.44*10^9)*exp(-96.81/4.184/R/TR); 
k15 =(5.97*10^10)*exp(-118.71/4.184/R/TR); 
k16 =(1.57*10^9)*exp(-102.1/4.184/R/TR);  
k17 =(4.95*10^10)*exp(-101.1/4.184/R/TR);  
  
 
% Equilibrium Constants: 
K8 = exp(-(GXF)/(R*TR)); 
K9 = exp(-(GXGle)/(R*TR)); 
K12 =exp(-(GXXyu)/(R*TR)); 
K13 =exp(-(GXyuF)/(R*TR)); 
K15 = exp(-(GXylEry)/(R*TR)); 
K17 = exp(-(GGloAa)/(R*TR)); 
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% Rate constants in reverse direction: 
k8r = k8/K8; 
k9r = k9/K9; 
k12r = k12/K12; 
k13r = k13/K13; 
k15r = k15/K15; 
k17r = k17/K17; 
  
% Solution of Differential Equations: 
tspan = 0.0:0.05: ST ; 
%Initial Concentrations [ Xylan XO1080 Acids XO600 XO300 xylose furfural products 
DP] 
IC = [ICXylan 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0   ]; 
  
[time,concentration] = ode45('XOALL1_Decomposition',tspan,IC); 
  
A = concentration(:,1); %Xylan 
B = concentration(:,2); %XO123600 
D = concentration(:,3); %XO1080 
L = concentration(:,4); %Acids 
E = concentration(:,5); %XO600 
F = concentration(:,6); %XO300 
G = concentration(:,7); %xylose 
H = concentration(:,8); %furfural 
I = concentration(:,9); %Glyceraldehyde 
J = concentration(:,10); %DP 
P = concentration(:,11); %Glycoaldehyde 
Q = concentration(:,12); %Erythrose 
S = concentration(:,13); %Formaldehyde 
T = concentration(:,14); %Acetic acid 
U = concentration(:,15); %Lactic acid 
O = concentration(:,16); %Other 
M = concentration(:,17); %PP 
%N = concentration(:,18); %Xylulose 
  
%Mass Yield of Products 
AA = 100*A/ICXylan; 
BB = 100*B/ICXylan; 
DD = 100*D/ICXylan; 
LL = 100*L/ICXylan; 
EE = 100*E/ICXylan;  
FF = 100*F/ICXylan;  
GG = 100*G/ICXylan;  
HH = 100*H/ICXylan; 
II = 100*I/ICXylan; 
JJ = 100*J/ICXylan; 
PP = 100*P/ICXylan; 
QQ = 100*P/ICXylan; 
SS = 100*S/ICXylan; 
TT = 100*T/ICXylan; 
UU = 100*U/ICXylan; 
OO = 100*O/ICXylan; 
MM = 100*M/ICXylan;     
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 Appendix C 
GCMS chromatograms used for product identification 
 
Figure 1 GCMS chromatogram of DHA decomposition samples at 280˚C, 200 bar and 20s 
Figure 2 GCMS chromatogram of xylose decomposition samples at 280˚C, 200 bar and 20s 
